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We explore the generation of the baryon asymmetry in an extension of the Standard Model where
the lepton number is promoted to a U(1)` gauge symmetry with an associated Z
′ gauge boson.
This is based on a novel electroweak baryogenesis mechanism first proposed by us in Ref. [1].
Extra fermionic degrees of freedom - including a fermionic dark matter χ - are introduced in the
dark sector for anomaly cancellation. Lepton number is spontaneously broken at high scale and
the effective theory, containing the Standard Model, the Z ′, the fermionic dark matter, and an
additional complex scalar field S, violates CP in the dark sector. The complex scalar field couples
to the Higgs portal and is essential in enabling a strong first order phase transition. Dark CP
violation is diffused in front of the bubble walls and creates a chiral asymmetry for χ, which in
turn creates a chemical potential for the Standard Model leptons. Weak sphalerons are then in
charge of transforming the net lepton charge asymmetry into net baryon number. We explore the
model phenomenology related to the leptophilic Z ′, the dark matter candidate, the Higgs boson
and the additional scalar, as well as implications for electric dipole moments. We also discuss
the case when baryon number U(1)B is promoted to a gauge symmetry, and discuss electroweak
baryogenesis and its corresponding phenomenology.
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1. Introduction
The origin of the cosmic baryon asymmetry is a fascinating mystery for particle physics and
cosmology. Electroweak baryogenesis (EWBG) [2–6] is an elegant possibility and predicts new
physics beyond the Standard Model (SM), near the electroweak scale, to trigger a sufficiently
strong first-order electroweak phase transition (EWPT) and source enough CP violation. If the
new particles responsible for CP violation are charged under the SM, they will also contribute to
the electric dipole moments (EDM) at low energies [7]. Models which belong to this class, including
two Higgs-doublet models and supersymmetric models, are progressively receiving stronger and
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stronger constraints from the improved EDM measurements in recent years [8, 9], specially after
the discovery of the Higgs boson [10]. This gives a strong motivation to study EWBG in models
with a dark sector where SM gauge singlet particles source the required CP violation. The main
challenge of such realizations is to find an efficient mechanism to transfer the CP violation from
the dark sector to the visible sector in the early universe, while still keeping contributions to EDMs
sufficiently suppressed today.
To this respect, an interesting scenario of dark sector CP violation was presented in Ref. [11],
where a Yukawa interaction between a dark fermion and the SM fermion doublets is responsible for
communicating CP violation into the visible sector. Such a realization, however, leads to two-loop
level contributions to EDMs. In turn, suppressing such contributions to the EDMs requires a
finely-tuned restoration of a global symmetry after the EWPT.
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Fig.1: A schematic picture showing our model setup and the role played by each part in our proposed
EWBG mechanism.
In a recent short article [1], we presented the basic idea of a new EWBG mechanism in which
the role of messenger of the CP asymmetry can be played by a Z ′ gauge boson that couples
to both the SM and the dark sector. The low-energy effective theory is a dark sector model
containing a Dirac fermion χ (charged under the Z ′) with a CP violating coupling to a complex
scalar field S. During a first-order phase transition, in the electroweak and the dark sectors
involving both the Higgs field and the scalar S, a chiral-charge asymmetry in χ particles is first
created. Through the time-like component of the Z ′ background (which is CP odd, and also CPT
odd), the χ asymmetry leads to a chemical potential for all SM leptons. If the Z ′ is sufficiently
light, it mediates a long range force that extends into the region outside the bubble wall with
unbroken electroweak symmetry. This chemical potential then biases the sphaleron processes and
generates a net baryon asymmetry inside the bubbles. After the EWPT is completed, the Z ′
background relaxes to zero and the dark CP violation becomes secluded from the SM sector. A
2
schematic plot of this setup is shown in Fig. 1.
There are several distinct features of this model.
• The Z ′ gauge boson needs to be light, not much heavier than the electroweak scale, and not
too weakly coupled to the SM leptons, for generating sufficient baryon asymmetry. Therefore,
the existence of a light leptophilic Z ′ serves as a smoking-gun of the proposed EWBG
mechanism, and provides a well-motivated target for various experimental searches, as we
shall discuss below.
• Given that the CP violating interactions in the dark sector only involve SM gauge singlets, it
follows that, in the absence of any Yukawa couplings involving both SM and the dark sector
particles, the two-loop Barr-Zee type contributions to EDM [12,13] are forbidden. Indeed,
we will show that in this framework, the leading contribution to EDMs must appear at least
at the three-loop level, which is much less constrained by current EDM results. This point
is diagrammatically illustrated in Fig. 2.
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EW charged 
particle loop
e
<latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit >
e
<latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit >
e
<latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit >
e
<latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit ><latexit sha1_base64="8g0P2hkn1tmY+V1wE8v60UKiD0I=">AAAB53icbVBNS8NAEJ34 WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxz dTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ 3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13X3OZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzeUjLw=</latexit >
 
<latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLY BA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgn dTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZ gMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLY BA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgn dTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZ gMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLY BA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgn dTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZ gMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9l sJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPax bamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9l sJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPax bamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9l sJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPax bamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9l sJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPax bamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9l sJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPax bamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9l sJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPax bamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit>
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Dark sector 
particle loop(s)
Fig. 2: Representative diagrams showing the loop generated electron EDM in two classes of
models, where CP violation occurs through the interactions from electroweak charged particles
(left panel) or SM gauge singlets that couple to the Z ′ (right panel). The gray blobs represent
the loop generated hFµνF
µν and hZ ′µνZ ′µν effective vertices in the two cases, respectively. In
the former case, the contribution to EDMs can occur at two-loop level via the Barr-Zee type
diagrams. In the latter case, the contribution to EDMs must arise at more than two-loop level.
• The particle χ in this model could serve as the dark matter candidate, as we will show in
detail in this paper.
• The simple model we have just discussed can be embedded in an ultraviolet (UV) complete
theory with gauged lepton number U(1)`, whose gauge boson is Z
′
µ, for the two interesting
benchmark cases, where ` = Le + Lµ + Lτ and ` = Lµ + Lτ , which require the introduction
of extra fermion fields (anomalons) to cancel the gauge anomalies. Below the spontaneous
lepton number breaking scale, when part of the anomalon fields have been integrated out,
the low energy effective theory is composed of the SM and a secluded dark sector. The
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two sectors are connected through the Z ′, which will transfer the CP asymmetry to the
observable sector, and the Higgs portal interaction, responsible for inducing a first-order
electroweak phase transition.
It is worth noticing that, for our EWBG mechanism to work, the vector current that couples
to the Z ′ boson in the effective theory must be anomalous with respect to the SM SU(2)L
gauge symmetry at the time of the EWPT. This is achieved by (Boltzmann) decoupling the
heavy anomalons from the thermal plasma, such that only the SM fields are kept populated at
the critical temperature of the EWPT 1. The effect of the anomalous current is to generate a
non-vanishing chemical potential, that triggers the electroweak sphaleron processes to create a
net baryon asymmetry. The above observation implies that our mechanism will not work, for
example, if the Z ′ is the gauge boson of the U(1)B−L symmetry (anomaly free in the presence of
right-handed neutrinos), the hypercharge U(1)Y , or linear combinations thereof. The U(1)` lepton
number symmetry we consider is anomaly free at high energy scales, but it becomes anomalous
after the spontaneous breaking of the U(1)` gauge symmetry takes place and some of the new
fermions - otherwise responsible for anomaly cancellation - are integrated out from the thermal
plasma. The effective theory below the mass of the heavy anomalons is perfectly consistent, as
gauge invariance is restored by the introduction of the Wess-Zumino terms [14]. This is at the
core of what makes our baryogenesis mechanism feasible. Similarly, our baryogenesis idea could
also work for the gauged U(1)B baryon number symmetry, which is also known to be anomalous
with respect to the SM.
The content of this paper is organized as follows. In Sec. 2 we present our EWBG model,
making explicit the structure of the extended dark fermion and scalar sectors that interact with
the SM particles through the U(1)` Z
′ gauge boson and the Higgs portal. In Sec. 3, we discuss
the necessary steps for the first order phase transition to occur, and the source of CP violation in
the dark sector, as well as how the latter induces the actual mechanism of baryogenesis in the
SM at the electroweak scale. In Secs. 4 and 5 we concentrate on the phenomenological aspects of
our model and its possible signatures in current and near future experiments, for the cases where
` = Le + Lµ + Lτ and ` = Lµ + Lτ , respectively. This includes the leptophilic Z
′ searches, dark
matter χ direct detection searches, conditions for thermal freeze out, bounds from EDM’s, and
collider searches for dark scalar(s). We comment on the case of gauged U(1)B baryon number in
Sec. 6. We reserve Sec. 7 for our conclusions and provide some details of the calculation of the
lepton asymmetry in Apps. A and B.
1In other words, while heavy anomalons protect the gauge theory at zero temperature from gauge anomalies,
through the remaining Wess-Zumino terms [14], their abundance is Boltzmann suppressed at finite temperature so
that they decouple from the thermal bath.
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2. A Model with Gauged Lepton Number
As the starting point, we consider an extension of the SM with gauged lepton number symmetry
U(1)`. Its gauge boson is called Z
′ and its gauge coupling g′ 2. There are various choices to define
the lepton number, `. The most obvious choice is ` = Le + Lµ + Lτ where all three lepton flavors
are gauged universally. However, our baryogenesis mechanism will also work if only a reduced
number of lepton flavors are gauged, e.g. ` = Lµ + Lτ . In the following discussion, we will keep
the number of lepton flavors charged under the U(1)` as a free parameter, Ng, where Ng = 3 (2)
in the case ` = Le + Lµ + Lτ (` = Lµ + Lτ ).
Because the U(1)` symmetry in the SM is anomalous with respect to SU(2)L×U(1)Y , additional
fermions (so called anomalons) must be introduced for anomaly cancellation. A minimal set of
new fermion content [15–17] is given in Tab. 1, where q is an arbitrary real number. This is the
UV complete framework we shall consider.
The right-handed neutrinos νiR, (i = 1, . . . , Ng) could pair up with the active neutrinos ν
i
L in
the SM, so that in this minimal setup the observed neutrino masses are Dirac 3. To pair up the
other extra fermions and give them vector-like masses (with respect to the SM gauge symmetries),
a complex scalar Φ is introduced carrying lepton number Ng. The vacuum expectation value
(VEV) of Φ, vΦ, spontaneously breaks the U(1)`, giving mass to the Z
′ gauge boson, as
MZ′ =
Ng
2
g′vΦ , (2.1)
and to the new fermions via the following Yukawa terms(
cLL¯
′′
RL
′
L + cee¯
′′
Le
′
R + cχχ¯LχR
)
Φ + h.c. . (2.2)
Hereafter, for simplicity, we will ignore the Yukawa couplings between lepton doublets and singlets
with the Higgs boson (which would lead to subleading entries in the fermion mass matrix), as
well as the potential Yukawa coupling between the SM leptons and some of the new leptons (only
allowed for specific choices of q, for example, q = 1), which also helps to suppress new sources of
lepton flavor violation [18].
Because L′L, L
′′
R, e
′
R, e
′′
L contain fermions charged under the SM gauge group, which are con-
strained by the existing LEP and LHC searches, we will assume vΦ to be well above the TeV
scale and cL, ce to be of order one, rendering these particles sufficiently heavy. As a result, these
particles could be integrated out at energy scales and temperatures of order of the U(1)` breaking
scale.
For our baryogenesis mechanism to work, we will assume both the g′ and cχ parameters to be
small, so that the Z ′ boson, as well as the χL, χR fermions have masses around, or even below,
2Not to be confused with the SM hypercharge U(1)Y gauge coupling, gY .
3The possibility of Majorana neutrinos will be considered in Sec. 4.2.
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Particle SU(3)c SU(2)L U(1)Y U(1)`
νiR 1 1 0 1
L′L = (ν
′
L, e
′
L)
T 1 2 -1/2 q
e′R 1 1 -1 q
χR 1 1 0 q
L′′R = (ν
′′
R, e
′′
R)
T 1 2 -1/2 q +Ng
e′′L 1 1 -1 q +Ng
χL 1 1 0 q +Ng
Table 1: Fermion content (anomalons), and its quantum numbers, in the anomaly free model with
gauged U(1)` symmetry. q is a free (real) parameter.
the electroweak scale. In the forthcoming discussions, we will also show that χ qualifies to be the
dark matter candidate.
After integrating out the L′L, L
′′
R, e
′
R, e
′′
L fermions, which play a role in the anomaly cancellation
mechanism, the U(1)` current involving only light degrees of freedom becomes anomalous at lower
energy. As it is well known, integrating out the anomalon fields leads to the introduction of the
Wess-Zumino (WZ) term [14], which is necessary for restoring the SM gauge invariance when
calculating the triangle diagrams in the effective theory 4. However, the coefficient of the WZ term
is not fixed but depends on the convention, i.e. the momentum routings, and such convention
needs to be respected when calculating the triangle diagrams [19]. In particular, in the convention
of “covariant anomaly”, the coefficient of the WZ term vanishes [20]. Observe, however, that in
the baryogenesis mechanism discussed in this work all the relevant processes occur at tree level,
and therefore issues of gauge invariance and appropriate loop momentum convention do not play
a role, since they would only matter in one-loop processes involving the Z ′ (see, e.g., [21]).
In addition to the above particle content, baryogenesis requires the presence of another complex
(SM singlet) scalar S, which also carries lepton number Ng. We assume that S is much lighter
than Φ, and its VEV vS evolves, together with that of the Higgs field, during the electroweak
phase transition. In contrast, the VEV vΦ of Φ remains constant as the universe evolves in the
proximity of the electroweak phase transition, since at these scales the field Φ is decoupled. In the
presence of the S field, one can write down a Yukawa term that gives an additional mass to the
fermion χ. It takes the form
χ¯L(m0 + λcS)χR + h.c. , (2.3)
where the first term is given by m0 = cχvΦ and λc is a (complex) Yukawa coupling. As a result,
4A manifestation of the non-decoupling properties of fields which acquire their masses only through a spontaneously
breaking mechanism.
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the mass of χ changes with the S field profile during the electroweak phase transition, and, if the
relative phase between m0 and λcS is physical, it will serve as a source of CP violation in our
baryogenesis mechanism.
To summarize, our assumptions lead to a low-energy effective theory below the U(1)` breaking
scale (vΦ), which contains the SM fields plus the following new fields
Z ′µ, S, χL, χR . (2.4)
Among them, S and χL,R are SM gauge singlets and belong to the dark sector. There are two
possible portals for them to interact with the SM sector.
One way is through the leptonic Z ′ portal,
L ⊃ g′Z ′µ
[
(q +Ng)χ¯Lγ
µχL + q χ¯Rγ
µχR + L¯Lγ
µLL + ¯`Rγ
µ`R
]
, (2.5)
where LL represents the SM left-handed lepton doublets and `R represents the SM right-handed
charged leptons. Here, after integrating out the heavy L′L, L
′′
R, e
′
R, e
′′
L fermion fields, the Z
′ couples
to an anomalous current with respect to the SM gauge symmetries, in particular the SU(2)L,
which governs the lepton/baryon number violating sphaleron processes. This will be the key
ingredient of our baryogenesis mechanism, which makes use of the Z ′ field background, as we shall
discuss in the following section.
Another way, which is the other key ingredient in our baryogenesis mechanism, is the Higgs
portal interaction between S and H,
L = −λSH |S|2|H|2 , (2.6)
that will be responsible for triggering a sufficiently strong-first order electroweak phase transition.
3. Electroweak Baryogenesis Mediated by the Z ′ Boson
In this section we will consider how the different ingredients play their roles for successful
electroweak baryogenesis. We will discuss successively the out of equilibrium condition in the phase
transition, the new source of CP violation (CPV), and the generation of the baryon asymmetry.
3.1. The Phase Transition(s)
We will consider a first-order electroweak phase transition during which the Higgs VEV turns on,
while the VEV of the S field varies at the same time. Such a scenario can be realized through the
following steps in the history of our universe.
1. At very high temperatures, all symmetries are restored.
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2. As the universe cools down to the temperature TΦ ∼ vΦ, the Φ field acquires its VEV,
〈Φ〉 = vΦ, and the lepton number symmetry is broken. The nature of this phase transition
is not relevant here, but the breaking of lepton number may possibly proceed by a second
order phase-transition.
3. As the universe further cools down to a temperature TS not far above the electroweak scale
TEW , the S field first develops a VEV, 〈S〉 6= 0, when its mass squared term (including the
thermal corrections) becomes negative, while the Higgs VEV remains zero, 〈H〉 = 0. The
transition to this step could be a simple crossover or just a second order phase transition.
4. At the critical temperature near the electroweak scale, Tc, a new minimum of the potential
with 〈H〉 6= 0, 〈S〉 ' 0 emerges that turns into the true minimum (replacing the former one
with 〈S〉 6= 0, 〈H〉 = 0). This process must involve a first-order phase transition requiring the
presence of a barrier between both minima. The universe tunnels from one vacuum to the
other via bubble nucleation.
S
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Fig. 3: Schematic plot of the phase transitions. The left plot shows the change of S and H VEVs
during the steps 3 and 4 discussed in the text. The right plot, shows their VEV profiles in front of
and behind the expanding bubble wall (shadowed region) during the electroweak phase transition in
step 4. The bubble interior is for z < 0.
A schematic picture of the phase transitions in steps 3 and 4 is depicted in Fig. 3 (left panel).
It has been shown [11,22] that the above evolutions could be realized dynamically by the interplay
among the terms in the scalar potential describing the Higgs and the new scalar field S. At zero
temperature, the scalar potential reads as 5
V (H,S) = λH(|H|2 − v2)2 + λS(|S|2 − v2S)2 + λSH |S|2|H|2 . (3.1)
5As the field Φ is integrated out at the electroweak scale, the presence of the Higgs portal terms λΦH |Φ|2|H|2 and
λΦS |Φ|2|S|2 in (3.1) would amount to a simple redefinition of the mass terms for |H|2 and |S|2, thus not changing the
general conclusion which follows. Of course in that case we would have to face a little hierarchy problem, arising from
the fact that vΦ  v, vS , which can be mitigated e.g. by assuming λΦH , λΦS  1.
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The conditions for H = v, S = 0 to be the global minimum are
λHv
4 > λSv
4
S , λSHv
2 > 2λSv
2
S . (3.2)
At high temperatures, both H and S receive thermal corrections to their quadratic terms,
aHT
2|H|2 and aST 2|S|2, with aH,S > 0. Thus, at very large T , the potential will be minimized for
〈H〉 = 〈S〉 = 0 (steps 1 and 2). Given that the Higgs field couples to more degrees of freedom than
S, it follows that aH > aS , and it is always possible to find an intermediate temperature where the
Higgs quadratic term is positive, while the S quadratic term is negative (step 3), thus triggering a
minimum with 〈S〉 6= 0, 〈H〉 = 0. At lower temperatures, however, the Higgs quadratic term will
also turn negative. This implies that there should be a critical temperature where the two minima,
(〈S〉 6= 0, 〈H〉 = 0) and (〈H〉 6= 0, 〈S〉 = 0), are degenerate allowing for step 4 to occur. The Higgs
portal interaction λSH |S|2|H|2 in Eq. (3.1) [or Eq. (2.6)], which is a cross quartic term, could
then provide a tree-level temperature-dependent barrier that separates the two minima allowing
for a first-order phase transition. As this phenomenon depends on the particular values of the
potential parameters, we will just assume hereafter that they are such that they provide a strong
enough first order phase transition. Detailed model analyses can be found in Refs. [11, 22].
3.2. The Source of CP Violation
The scalar potential, and the χ-S Yukawa coupling terms introduced so far [see Eqs. (3.1) and
(2.3)], do not violate CP yet. This is because the scalar potential (3.1) is only a function of |S|
and, as a result, we are allowed to redefine the argument of S to remove the relative phase between
m0 and λcS in (2.3). Moreover, any overall phase of the χ mass term can be further removed by
redefining the phases of χL and χR fields. Hence any CP violation effect in the Yukawa terms can
be absorbed by field redefinitions, leaving no physical effect during the phase transition.
In order to accommodate a physical CP violating effect, which is a necessary condition for
baryogenesis, one option is to introduce terms in the potential depending on S, which will hinder
the redefinition of arg(S). The general form of these terms is
δV (S) = ρSS + µ
2
SS
2 + λ3S |S|2S + h.c. . (3.3)
Naively, these terms violate the U(1)` gauged symmetry and are forbidden in the UV complete
theory. However, in this model, one can write renormalizable, U(1)` invariant terms involving Φ
and S, as
δV (Φ, S) =
(
µ2ΦS + λΦS |Φ|2
)
Φ∗S + λ′ΦSΦ
∗2S2 + λ′′ΦS |S|2Φ∗S + h.c. . (3.4)
Clearly, after Φ develops its VEV and the U(1)` symmetry is spontaneously broken, Eq. (3.4)
can generate (3.3), leaving the coefficients ρS , µS , λ3S complex in general. In this discussion, we
neglect the back reaction of δV on the VEV of the Φ field, which is a higher order effect in the
small vS/vΦ expansion.
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In the following, for simplicity, we present in more detail the case where only µS is non-zero. We
could first use the freedom of field redefinition to make the parameters m0 and µ
2
S real and positive,
but λc will in general remain as a complex parameter. In this case, δV (S) = 2µ
2
S |S|2 cos[2 arg(S)]
is the only term in the potential for arg(S). It is always minimized for arg(S) = pi/2, such that
δV (S) = −2µ2S |S|2 . (3.5)
The physical source of CP violation arises from the χ mass term, Mχχ¯LχR +M
∗
χχ¯RχL, where
Mχ = m0 + λe
iθ|S| . (3.6)
Here we make the phase of the second term explicit, with θ = arg(λc) + pi/2 and λ ≡ |λc|. During
a first-order electroweak phase transition, in the presence of a bubble wall, the magnitude of |S| is
space-time dependent, hence having used the freedom to make m0 real, the phase of Mχ is not
removable. As will be discussed in the following subsection, this phase modifies the dispersion
relations of χL,R, and their anti-particles, in a CP violating way [4], and provides the key source
of CP violation for baryogenesis.
When minimizing the potential, we can combine Eq. (3.5) with (3.1) and repeat the discussions
in Sec. 3.1, which still hold with the replacement
v2S → v2S +
µ2S
λS
, (3.7)
provided conditions (3.2) hold after the shift (3.7). A special feature of considering only a non-zero
µS in Eq. (3.3) is that, after the electroweak phase transition, the VEV of S can relax to zero,
and the mass of χ today is uniquely determined by m0.
Alternatively, if the tadpole term ρSS is turned on in (3.3), one can still derive the physical
CP violating phase similar to (3.6), but the VEV of S after the phase transition will remain
non-zero. The impact of a non-zero S VEV will only be of relevance for the contributions to
EDM’s, as will be discussed in Sec. 4.4. So in many of our subsequent discussions we will assume,
unless explicit mention, that ρS = 0.
3.3. The Baryogenesis Mechanism
In this subsection, we discuss the microscopic particle physics processes for our baryogenesis
mechanism to work. All of them happen near the expanding bubble wall, during a first order
electroweak phase transition (step 4 of the early universe history described in Sec. 3.1), when the
universe tunnels from the electroweak symmetric vacuum to the broken one via bubble nucleation.
Such a phase transition involves the simultaneous changes in the SM Higgs field and the scalar
field S. We first rewrite the χ mass term (3.6) with explicit spatial coordinate dependence (labeled
by z) in the rest frame of the bubble wall
Mχ(z) = m0 + λe
iθ|S(z)| , (3.8)
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where z is the distance from the bubble wall, as shown in Fig. 3 (right panel). The z > 0 (z < 0)
region is the electroweak symmetric (broken) phase located outside (inside) the bubble. Our
discussion here is in the basis where (m0, λ, θ) are all real parameters. We will parametrize the
profile of |S(z)| taking the form
|S(z)| = s0 [1 + κ tanh(z/Lw)] /2 , (3.9)
where s0(1 + κ)/2 is the value of |S| in the electroweak symmetric phase (z/Lω → ∞), and
s0(1−κ)/2 parametrizes its value after the completion of the phase transition (z/Lω → −∞). The
bubble wall width and velocity are denoted as Lω and vω, respectively. Here, we shall focus on
the special case κ = 1 where, after the phase transition (corresponding to z  0), the VEV of the
S field completely turns off. This can be realized in the presence of the µ2SS
2 term in Eq. (3.3) as
discussed above. We expect the qualitative features of our results to hold when the other terms in
δV (S) are turned on, so that κ 6= 1.
We define the particle chiral asymmetries in the dark sector as [4, 6],
ξχL(z) =
3
T 3c
(
nχL − nχcL
)
,
ξχR(z) =
3
T 3c
(
nχR − nχcR
)
,
(3.10)
where Tc is the critical temperature when bubbles emerge, nχL,R the number density of chiral
asymmetry, and ξχL,RTc ≡ µχL,R defines the corresponding chemical potentials. The Yukawa
interaction of χL,R with the S background violates CP but preserves a global symmetry U(1)χ,
whose current is defined as Jµχ = χ¯Lγ
µχL + χ¯Rγ
µχR. As a result, although nonzero values for ξχL
and ξχR can be generated by CP violation in the dark sector, the sum ξχL(z) + ξχR(z) vanishes.
The space-time dependence in the absolute value of the χ mass, |Mχ(z)|, and its phase, arg(Mχ),
near the bubble wall play an important role by modifying the dispersion relations of χL,R particles
and their antiparticles in a CP violating way. This affects the phase space distribution of these
particles. The resulting chiral asymmetries evolve according to the diffusion equation
−Dξ′′χL − vωξ′χL + Γm(ξχL − ξχR) = SCPV , (3.11)
where (′) means derivative with respect to z. The diffusion constant D is given by D = 〈v2〉/(3Γm),
with Γm ∼ λ2Tc/(4pi), v is the particle velocity in the bubble wall rest frame, and 〈〉 is the thermal
average over the Fermi-Dirac distribution function fi(p) (i = χL, χR) in the rest frame of the
bubble wall,
fi(p) =
1
e(E+vωpz−µi)/T + 1
, (3.12)
where µi is the chemical potential. The corresponding number density for χL, χR is defined as
ni =
2
(2pi)3
∫
d3pfi(p) . (3.13)
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The CP violating source term can be calculated using Refs. [4, 6] as,
SCPV =
vω
ΓmTc
〈 vz
2E2
〉 [
|Mχ(z)|2(argMχ(z))′
]′′
=
vω
ΓmTc
〈 vz
2E2
〉 m0s0λ [−2 + cosh( 2zLω)] sin θ
L3ω cosh
4
(
z
Lω
) , (3.14)
where E2 = p2 + |Mχ(z)|2.
Clearly, in Eq. (3.11), the source term SCPV must be nonzero in order to generate nonzero
asymmetries in the χL,R particle numbers, which are proportional to ξχL,R , respectively. This
requires a nonzero value of (argMχ(z))
′, i.e. the phase of the χ mass must not be a constant —
it has to vary in together with the S VEV along the z direction. A quick glance at the form of
the χ mass term in Eq. (3.8) shows that m0 has to be different from zero. We will come back to
this point near the end of this section when discussing the numerical calculation of the baryon
asymmetry and the scan over the parameter space.
The solution to the above diffusion equation is formally given by
ξχL(z) =
∫ ∞
−∞
dz0 G(z − z0) SCPV(z0) , (3.15)
where the Green’s function G(z) satisfies the equation
−DG′′(z)− vωG′(z) + 2ΓmG(z) = δ(z) . (3.16)
The solution, continuous at the origin, is given by
G(z) =
D−1
k+ − k−
{
e−k+z, z ≥ 0
e−k−z, z < 0
, k± =
vω
2D
(
1±
√
1 +
8 ΓmD
v2ω
)
. (3.17)
In the left panel of Fig. 4, we show the chiral asymmetry distribution of χL as a function of the z
coordinate, for a given set of model and phase transition parameters.
Unlike in the usual electroweak baryogenesis scenarios, here the particle chiral charge asymmetry
is generated in the dark sector through the χ particle, which is an SU(2)L singlet and thus does
not couple to the electroweak sphalerons. Moreover, for general values of q, the gauge symmetry
U(1)` forbids any renormalizable operators through which the asymmetries in χ might be directly
shared with the SM fermions that carry the SU(2)L charge
6. We here make the observation that,
thanks to the leptonic Z ′ portal, which couples to both χ and the SM leptons, the CP violating
effect in the dark sector can be transferred in a novel way to the observable sector.
6As explained in the introduction, this aspect serves as a major difference between our work and that in Ref. [11].
In our case, a new way of transferring the χ particle chiral charge asymmetry to the visible sector is presented.
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Fig.4: Left panel: Chiral charge asymmetry in χL (opposite for χR) particles around the bubble wall,
with parameters m0 = s0 = Tc = 100 GeV, MZ′ = 1 GeV, λ = 0.3, θ = pi/3, Lω = 5/Tc, vω = 0.1.
Right panel: ∆nEQLL (z)/g
′2T 3c for the same values of the parameters. For this plot we only show the
result in the region z > 0 because it corresponds to the range of integral in Eq. (3.24), or (A.4).
The main point here is that χL and χR carry different U(1)` charges (q+Ng and q respectively)
7.
Consequently, the above chiral asymmetries imply a net U(1)` charge density near the bubble wall
as,
ρ`(z) = (q +Ng)
[
nχL − nχcL
]
+ q
[
nχR − nχcR
]
=
1
3
NgT
3
c ξχL(z) , (3.18)
where use has been made of Eq. (3.10). The existence of this net U(1)` charge density yields a
Coulomb background of the Z ′ potential, 〈Z ′0〉. In the approximation of very large bubbles, this
lepton number potential could be calculated in cylindrical coordinates as,
〈
Z ′0(z)
〉
=
g′
2MZ′
∫ ∞
−∞
dz1 ρ`(z1) exp
[−MZ′ |z − z1|] , (3.19)
where we neglect the impact of |S(z)| on the mass of Z ′, which is mainly set by the value of vΦ
at a much higher scale.
The background of the vector field Z ′ breaks the Lorentz symmetry and thus is a CPT
violating effect, which is also odd under the CP transformation. It retains certain similarities to
the spontaneous baryogenesis mechanism [23] (also with gravitational baryogenesis [24]), where a
time-dependent (CPT violating) scalar field couples to the vector current of a particle, and serves
as its chemical potential 8. In our model, we use the time-like component of the Z ′µ gauge boson,
7Note their charges are not chosen by hand but, instead, required by the anomaly cancellation conditions discussed
in Sec. 2 and Tab. 1.
8Notice that the VEV of Z′0 vanishes after the electroweak phase transition, as its value stems from the asymmetry
in χL,R particles, which vanishes when arg(Mχ) becomes a constant and the source of CP violation SCPV vanishes.
Therefore at zero temperature our model does not contain any violation of Lorentz symmetry.
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whose CP and CPT violating background is generated due to the microscopic interaction processes
between the dark sector particles and the bubble wall described above. The Z ′0 background couples
to the SM lepton current (see Eq. (2.5)). As we shall see, given that this current is anomalous
with respect to the SM SU(2)L gauge symmetry, it could bias the sphaleron process to work in
one direction. The Z ′0 background then yields a “chemical potential” for the SM leptons,
µLL(z) = µ`R(z) = g
′ 〈Z ′0(z)〉 . (3.20)
The thermal equilibrium asymmetry in SM lepton number would then be given by (considering
left-handed lepton doublets)
∆nEQLL (z) =
2NgT
2
c
3
µLL(z) =
2g′NgT 2c
3
〈
Z ′0(z)
〉
. (3.21)
We show in the right panel of Fig. 4 the spatial distribution of ∆nEQLL (z) for a given set of model
and phase transition parameters.
In the presence of the electroweak sphaleron processes, which can change the lepton number,
the actual SM lepton number asymmetry will evolve toward its equilibrium value. This evolution
is governed by the following rate equation,
∂∆nLL(z, t)
∂t
= Γsph(z − vωt)
[
∆nEQLL (z − vωt)−∆nLL(z, t)
]
, (3.22)
where Γsph is the rate for the sphaleron process at the critical temperature Tc. The second term on
the right-hand side of Eq. (3.22) represents the washout term, which would drive the asymmetry
to zero if the sphaleron processes did not go out of equilibrium quickly enough. Assuming a strong
first-order electroweak phase transition, where the condition vc/Tc & 1 is fulfilled (vc is the Higgs
VEV at the critical temperature Tc), a good approximation for Γsph is that it is unsuppressed at
any point z outside the bubble wall, but becomes exponentially suppressed after the bubble wall
has passed through taking this point to the bubble interior, i.e.
Γsph(z − vωt) =
{
Γ0 : t < z/vω
Γ0e
−Msph/Tc : t > z/vω
, (3.23)
where Γ0 ' 120α5wTc ' 10−6Tc [25], and Msph = 4pivcB/g2 is the sphaleron mass in the broken
phase, where B is a fudge factor [2] which depends on the Higgs mass, and g2 the weak coupling.
For the experimental value of the Higgs mass it turns out that B ' 1.96.
The solution to the rate equation takes the form [4]
∆nLL =
Γ0
vω
∫ ∞
0
dz∆nEQLL (z)e
−Γ0z/vω . (3.24)
We refer the reader to App. A for more details on obtaining this result. At this point it is
important to realize that the final lepton number density, as given by Eq. (3.24), is non-vanishing
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as a consequence of the fact that the effective theory at the scale of electroweak baryogenesis has
an anomalous lepton number. Had we not integrated out any anomalon propagating in the UV
theory, the final lepton number density ∆nL would have been zero. This statement is proven in
detail in App. B. See also [1].
Because the sphaleron processes preserve B − L, equal asymmetries will be generated for
baryon and lepton numbers, ∆nB = ∆nLL . The entropy density of the universe at the EW scale
is s ' (2pi2)g∗T 3c /45, where g∗ ' gB + (7/8)gF ' O(100) is the effective number of degrees of
freedom at the EW phase transition. The final generated baryon-to-entropy ratio is then
ηB =
∆nB
s
. (3.25)
The dark blue points in Fig. 5 show the working parameter space where the observed baryon
asymmetry [26]
ηB ' 0.9× 10−10 (3.26)
can be generated. They are obtained by scanning over all the model parameters in the following
ranges,
MZ′ , m0 ∈ (10−3, 103) GeV, s0, Tc ∈ (100, 500) GeV, λ ∈ (10−2, 1),
g′ ∈ (10−6, 0.1), θ ∈ (−pi/2, pi/2), Lw ∈ (1/Tc, 10/Tc), vω ∈ (0.05, 0.5) .
(3.27)
Here, the parameter m0 is the mass of the χ particle, assuming S has no VEV today.
We display, in Fig. 5, the baryogenesis viable points in the g′ versus MZ′ plane assuming
Ng = 3 (the case Ng = 2 will be independently exhibited in Sec. 5), where the mass parameters
satisfy the relation m0 > MZ′/2. The result shows that the smaller the Z
′ mass, the smaller the
value of g′ in the allowed region. In particular, with MZ′ around 100 MeV, the gauge coupling
g′ should be as small as 10−5. This feature is expected from the value of the Z ′0 background
during baryogenesis, calculated in Eq. (3.19), where parametrically the final baryon asymmetry
is proportional to ∼ g′2/M2Z′ . In this case, m0 > MZ′/2, the Z ′ boson is kinematically forbidden
to decay into χχ¯. If created in the laboratory, it will decay into SM particles. This is a visible
decay, and in the next section we will confront these points with the existing, and near-future, Z ′
searches.
On the other hand, we find that the resulting points with m0 < MZ′/2 exhibit a different g
′
versus MZ′ correlation behavior. In particular, we find that when the Z
′ is light (well below the
electroweak scale), m0 is thus small and the required values of g
′ for successful baryogenesis are
much larger (with g′ > 10−3 everywhere). This could be understood from the explicit expression for
the source of CP violation for the baryogenesis mechanism SCPV . As discussed in the paragraph
below Eq. (3.12), the relevant CP violation source is proportional to the gradient of arg(Mχ) along
the z direction, where the VEV of S changes. Clearly, if the m0 term is very small, arg(Mχ)
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Fig. 5: The parameter space of our model (assuming Ng = 3) that could generate the observed
baryon asymmetry of the universe is covered by the blue points, in the g′ versus MZ′ parameter space.
The colorful shaded regions have been excluded by the existing constraints from LEP, BaBar, electron
g − 2, beam dump, and neutrino-electron scattering experiments. The yellow band is the favored
region for explaining the muon g − 2 anomaly. The black dashed line corresponds to the VEV vΦ
equal to 1, 10 TeV. We consider in the parameter scanning the condition m0 > MZ′/2.
remains approximately θ, and (arg(Mχ))
′ would be suppressed. To compensate for this suppression,
larger values of g′ are needed. In this case, we find that the experimental constraints from invisibly
decaying Z ′ searches [27] are already strong enough to exclude almost the entire viable parameter
space for baryogenesis. Therefore, we will not consider this case any further.
4. Phenomenology
In this section, we will discuss the phenomenological consequences of the above described baryoge-
nesis mechanism. We will show that generating the observed baryon asymmetry in the model has
a strong impact on the Z ′ boson search, on the physics of χ as the dark matter candidate, and
on the electric dipole moments, as well as on possible LHC signals of the Higgs boson and the
dark Higgs S.
Throughout the discussions in this section, we will assume the parameter Ng, the number of
lepton flavors charged under the U(1)`, to be equal to 3. We will comment on the differences in
phenomenology if only two lepton flavors are gauged, e.g. Lµ + Lτ , in the upcoming Sec. 5.
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4.1. Searches for the Leptophilic Z ′
First of all, let us recall that the presence of the Z ′ boson is the key for the success of our
electroweak baryogenesis mechanism. It needs to develop a CP (and CPT) violating background
during the electroweak phase transition, which permits to transfer the CP violating effect from
the dark sector to the SM leptons. In order to generate sufficient final baryon asymmetry, which
is proportional to g′2/M2Z′ , the gauge boson Z
′ cannot be too heavy and the coupling g′ should
not be too small, as shown in Fig. 5.
At the same time, since the Z ′ is the gauge boson for the lepton number symmetry, it couples
to the SM charged leptons and neutrinos. Such a new vector particle has been directly searched
for at e+e− colliders, such as LEP (both through resonances [28] and contact interactions [29])
and BaBar [30], as well as at electron beam dump experiments [31], and neutrino experiments
that are sensitive to neutrino-electron interactions (such as TEXONO) [32]. The Z ′ could also
be exchanged at the loop level and contribute to the anomalous magnetic moments of charged
leptons [33]. Many of these constraints are similar to, and could be translated from, the limits on
dark photons [32,34]. Because the Z ′ now mainly couples to charged-leptons and neutrinos, we
re-evaluate its branching ratios based on the following partial decay widths
ΓZ′→`¯` =
g′2
12pi
MZ′
(
1 +
2m2`
M2Z′
)√
1− 4m
2
`
M2Z′
,
ΓZ′→νν¯ = 3× g
′2
24pi
MZ′ ,
(4.1)
where ` = e, µ, τ . We neglect the Z ′ decay into right-handed neutrinos, assuming it is kinematically
forbidden 9. Because the Z ′ boson in this model is hadrophobic, the constraints from meson
decays (pi0, J/Ψ, Υ) into Z ′ only apply through loop level processes [32].
The existing experimental constraints on a leptophilic Z ′ are summarized in Fig. 5 for the
Ng = 3 model. These limits, altogether, set a lower bound on the Z
′ mass around 20 MeV. Several
future experiments will explore interesting regions of parameter space beyond those constrained in
Fig. 5. For example, e+e− colliders such as Belle-II [35] as well as fixed target searches, including
the NA64 experiment running in the muon mode [36] and the SHiP experiment [37], will definitely
probe the EWBG region for masses of the leptophilic Z ′ below 10 GeV. For details see e.g. Fig. 14
in Ref. [32]. In addition, prospective Higgs factories [38] could explore regions with larger Z ′
masses.
In addition, the gauge coupling g′ is indirectly constrained by requiring the anomalon fields for
the U(1)` symmetry to be sufficiently heavy. As discussed in Sec. 2, the gauged U(1)` symmetry
is broken by the VEV of a scalar field Φ above the electroweak scale. The same VEV will define
the mass of the anomalon fields, as a function of their Yukawa coupling. To secure the anomalon
9The origin of right-handed neutrino masses will be addressed in Sec. 4.2.
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fields are already decoupled during the electroweak phase transition, while avoiding the Yukawa
couplings to be in the strongly coupled regime, values of vΦ above a few times the electroweak
scale are required. In Fig. 5, we show indicative values of vΦ = 1 and 10 TeV, respectively, where
we have used the Z ′ mass given in Eq. (2.1). This shows that most of the experimentally-allowed,
EWBG-favored solutions are in the region of MZ′ above 10 GeV.
Finally we wish to comment that, in general, there is a kinetic mixing between the hypercharge
gauge boson Bµ and the new gauge boson Z
′
µ, as
Lkin = −1
2
c(µ)FµνY F
′
µν , (4.2)
where the coefficient c(µ) receives renormalization at loop level. Its one-loop beta function takes
the form [39]
∂c(µ)
∂ logµ
=
gY g
′
12pi2
Tr(Y L) . (4.3)
In the complete UV theory considered here, we have that Tr(Y L) = −4(q + 3). There is a special
case, q = −3, where the kinetic mixing parameter c(µ) does not run at energies above the U(1)`
symmetry breaking scale, vΦ. For µ < vΦ, after integrating out the anomalon fields L
′
L, L
′′
R, e
′′
L, e
′
R,
Tr(Y L) = −6 in the effective theory. This implies that even if we set cUV = 0 at high scale as the
boundary condition, it will be generated at low energies as
c(MZ) ' cUV + gY g
′
2pi2
log
vΦ
MZ
, (4.4)
where we are assuming that the masses of L′L, L
′′
R, e
′′
L, e
′
R are all of order vΦ, and compute the
value of c at the MZ mass scale where it is measured at the LEP experiment. A non-zero kinetic
mixing between Bµ and Z
′
µ generates, after electroweak breaking, a mixing between Zµ and Z
′
µ.
This could impact LEP observables including the Z boson mass (the ρ parameter), the Z hadronic
width, and the forward-backward asymmetries in leptonic Z decays. The analysis in [39] finds
that c(MZ) is constrained to be less than the percent level, with a much stronger constraint in
the region where Z and Z ′ are nearly degenerate [40]. Compared to the EWBG favored region for
g′ in Fig. 5, we find it easy to satisfy these constraints provided cUV is small enough.
To summarize, after taking into account all the above constraints, there are two prominent
windows for the Z ′ mass for our baryogenesis mechanism to work, with 10 MeV < MZ′ < 1 GeV
and 10 GeV < MZ′ < O(TeV).
4.2. Neutrino Cosmology
It is worth commenting on the neutrino sector of the gauged U(1)` model, and implications of
cosmological measurements on additional neutrino degrees of freedom, ∆Neff [26].
As discussed in Sec. 2, within the minimal setup, the neutrino mass is Dirac, generated by
the Yukawa coupling between the SM active neutrinos νLi and the right-handed ones, νRj . In
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the early universe, at sufficiently high temperatures, the U(1)` gauge interaction could thermalize
all νRi , and make a contribution to ∆Neff [41]. To avoid an excessive contribution to ∆Neff ,
one option is to make the U(1)` interaction to decouple early enough, preferably above the QCD
phase transition temperature, TQCD ∼ 100 MeV. The relevant process for thermalizing the νR’s is,
`SM ¯`SM → νRi ν¯Ri , through the s-channel Z ′ exchange, where `SM = e, µ, νLi are the SM relativistic
species, around the TQCD temperature. The corresponding annihilation cross section times relative
velocity is
σv(`SM ¯`SM → νRi ν¯Ri) =
g`SMg
′4sCM
48pi(sCM −M2Z′)2
, (4.5)
where ge = gµ = 2gνLi = 2, and sCM is the center-of-mass energy squared of the annihilation, of
order T 2. The thermal averaged annihilation rate per particle `SM, given by n`SMσv(`SM
¯`
SM →
νRi ν¯Ri), goes as T
5, in the heavy Z ′ limit, MZ′  T . In this case, decoupling νR’s no later than
TQCD amounts to requiring the annihilation rate to be less than the Hubble expansion rate at
TQCD. This in turn implies that
vΦ & 10 TeV, for MZ′  TQCD . (4.6)
On the other hand, if MZ′  TQCD, the thermal averaged annihilation rate will scale as T until
the temperature falls below the Z ′ mass. In this case, requiring that νRi never reaches thermal
equilibrium implies that
g′ . 10−5
(
MZ′
1 MeV
)1/4
, for MZ′  TQCD . (4.7)
Satisfying conditions (4.6) and (4.7) imposes strong constraints on the EWBG viable parameter
space found in Fig. 5.
The viable alternative option for neutrino mass is to implement the seesaw mechanism by
giving Majorana masses to νRi . If all the νRi are heavier than ∼ 500 MeV, they will decay before
the big-bang nucleosynthesis and will have no effect in ∆Neff [42]. However this option requires
extending the scalar sector of the model by introducing an extra SM singlet Φ′ with lepton number
L = 2, which couples to the right-handed neutrinos as∑
α,β=e,µ,τ
Y ′αβΦ¯
′ν¯cRανRβ + h.c. (4.8)
For large enough values of vΦ′ & 100 GeV, the new scalars from the Φ′ field could kinematically
evade searches at LEP. Note, on the other hand, that we need vΦ′  vΦ ∼TeV in order to not
perturb the results of this paper on electroweak baryogenesis. However, this will require a more
detailed study of the effects on the nature of the electroweak phase transition. The experimental
search for heavy Majorana neutrinos is of great phenomenological interest [43], especially as the
U(1)` gauge interaction here opens a new production channel for them. We will investigate this
exciting opportunity in a future work.
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4.3. χ as Dark Matter
As mentioned earlier, in this model, the particle χ from the dark sector could be a dark matter
candidate, since there is a Z2 symmetry in the Lagrangian (χ→ −χ) allowing it to be stable.
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<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6K XjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCG ZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBG J4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6K XjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCG ZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBG J4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6K XjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCG ZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBG J4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDr AuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj 4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5Y KYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fO kNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2n ZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexi t><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDr AuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj 4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5Y KYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fO kNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2n ZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexi t><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDr AuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj 4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5Y KYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fO kNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2n ZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexi t>
 ¯
<latexit sha1_base64="2ndk9PwjJG7Jv8w+uQ+I e8F15Vc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQtlsN+3SzSbuToQS+ie8eFDx6 u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjHsskYnuhNRwKRT3UKDknVRz GoeSt8PRzdRvP3FtRKLucZzyIKYDJSLBKFqp44dU+2woetWaW3dnIMukUZAaFGj1ql9+P2FZzBUySY3pNtw Ug5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBnkQqU ZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZUsSE0Fl9eJt5Z/aru3p3XmtdFGmU4gmM4hQZcQBNuoQ UeMJDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2cxj74=</latexit><latexit sha1_base64="2ndk9PwjJG7Jv8w+uQ+I e8F15Vc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQtlsN+3SzSbuToQS+ie8eFDx6 u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjHsskYnuhNRwKRT3UKDknVRz GoeSt8PRzdRvP3FtRKLucZzyIKYDJSLBKFqp44dU+2woetWaW3dnIMukUZAaFGj1ql9+P2FZzBUySY3pNtw Ug5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBnkQqU ZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZUsSE0Fl9eJt5Z/aru3p3XmtdFGmU4gmM4hQZcQBNuoQ UeMJDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2cxj74=</latexit><latexit sha1_base64="2ndk9PwjJG7Jv8w+uQ+I e8F15Vc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQtlsN+3SzSbuToQS+ie8eFDx6 u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjHsskYnuhNRwKRT3UKDknVRz GoeSt8PRzdRvP3FtRKLucZzyIKYDJSLBKFqp44dU+2woetWaW3dnIMukUZAaFGj1ql9+P2FZzBUySY3pNtw Ug5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBnkQqU ZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZUsSE0Fl9eJt5Z/aru3p3XmtdFGmU4gmM4hQZcQBNuoQ UeMJDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2cxj74=</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7 c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu /NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qX POSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVr akIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdav ay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7 c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu /NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qX POSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVr akIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdav ay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7 c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu /NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qX POSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVr akIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdav ay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit> r, a<latexit sha1_base64="y6Rc4XTBbfWjU8+PlE5lCTmrens=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OK xgrGFNpTNdtMu3d2E3Y0QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NZWV1b36hu1ra2d3b36vsHjzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5LbwO09UaRbLB5MlNBB4JFnECDaFpM4QHtQbbtOdAS0TryQNKNEe1L/6w5ikgkpDONa65 7mJCXKsDCOcTmv9VNMEkwke0Z6lEguqg3x26xSdWGWIoljZkgbN1N8TORZaZyK0nQKbsV70CvE/r5ea6CrImUxSQyWZL4pSjkyMisfRkClKDM8swUQxeysiY6wwMTaemg3BW3x5mfjnzeume3/RaN2UaVThCI7hFDy4hBbcQRt8IDCGZ3iFN0c4L8678zF vrTjlzCH8gfP5A8FOjZQ=</latexit><latexit sha1_base64="y6Rc4XTBbfWjU8+PlE5lCTmrens=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OK xgrGFNpTNdtMu3d2E3Y0QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NZWV1b36hu1ra2d3b36vsHjzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5LbwO09UaRbLB5MlNBB4JFnECDaFpM4QHtQbbtOdAS0TryQNKNEe1L/6w5ikgkpDONa65 7mJCXKsDCOcTmv9VNMEkwke0Z6lEguqg3x26xSdWGWIoljZkgbN1N8TORZaZyK0nQKbsV70CvE/r5ea6CrImUxSQyWZL4pSjkyMisfRkClKDM8swUQxeysiY6wwMTaemg3BW3x5mfjnzeume3/RaN2UaVThCI7hFDy4hBbcQRt8IDCGZ3iFN0c4L8678zF vrTjlzCH8gfP5A8FOjZQ=</latexit><latexit sha1_base64="y6Rc4XTBbfWjU8+PlE5lCTmrens=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OK xgrGFNpTNdtMu3d2E3Y0QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NZWV1b36hu1ra2d3b36vsHjzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5LbwO09UaRbLB5MlNBB4JFnECDaFpM4QHtQbbtOdAS0TryQNKNEe1L/6w5ikgkpDONa65 7mJCXKsDCOcTmv9VNMEkwke0Z6lEguqg3x26xSdWGWIoljZkgbN1N8TORZaZyK0nQKbsV70CvE/r5ea6CrImUxSQyWZL4pSjkyMisfRkClKDM8swUQxeysiY6wwMTaemg3BW3x5mfjnzeume3/RaN2UaVThCI7hFDy4hBbcQRt8IDCGZ3iFN0c4L8678zF vrTjlzCH8gfP5A8FOjZQ=</latexit>
r, a
<latexit sha1_base64="y6Rc4XTBbfWjU8+PlE5lCTmrens=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OK xgrGFNpTNdtMu3d2E3Y0QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NZWV1b36hu1ra2d3b36vsHjzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5LbwO09UaRbLB5MlNBB4JFnECDaFpM4QHtQbbtOdAS0TryQNKNEe1L/6w5ikgkpDONa65 7mJCXKsDCOcTmv9VNMEkwke0Z6lEguqg3x26xSdWGWIoljZkgbN1N8TORZaZyK0nQKbsV70CvE/r5ea6CrImUxSQyWZL4pSjkyMisfRkClKDM8swUQxeysiY6wwMTaemg3BW3x5mfjnzeume3/RaN2UaVThCI7hFDy4hBbcQRt8IDCGZ3iFN0c4L8678zF vrTjlzCH8gfP5A8FOjZQ=</latexit><latexit sha1_base64="y6Rc4XTBbfWjU8+PlE5lCTmrens=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OK xgrGFNpTNdtMu3d2E3Y0QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NZWV1b36hu1ra2d3b36vsHjzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5LbwO09UaRbLB5MlNBB4JFnECDaFpM4QHtQbbtOdAS0TryQNKNEe1L/6w5ikgkpDONa65 7mJCXKsDCOcTmv9VNMEkwke0Z6lEguqg3x26xSdWGWIoljZkgbN1N8TORZaZyK0nQKbsV70CvE/r5ea6CrImUxSQyWZL4pSjkyMisfRkClKDM8swUQxeysiY6wwMTaemg3BW3x5mfjnzeume3/RaN2UaVThCI7hFDy4hBbcQRt8IDCGZ3iFN0c4L8678zF vrTjlzCH8gfP5A8FOjZQ=</latexit><latexit sha1_base64="y6Rc4XTBbfWjU8+PlE5lCTmrens=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OK xgrGFNpTNdtMu3d2E3Y0QQv+CFw8qXv1F3vw3btoctPXBwOO9GWbmhQln2rjut1NZWV1b36hu1ra2d3b36vsHjzpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5LbwO09UaRbLB5MlNBB4JFnECDaFpM4QHtQbbtOdAS0TryQNKNEe1L/6w5ikgkpDONa65 7mJCXKsDCOcTmv9VNMEkwke0Z6lEguqg3x26xSdWGWIoljZkgbN1N8TORZaZyK0nQKbsV70CvE/r5ea6CrImUxSQyWZL4pSjkyMisfRkClKDM8swUQxeysiY6wwMTaemg3BW3x5mfjnzeume3/RaN2UaVThCI7hFDy4hBbcQRt8IDCGZ3iFN0c4L8678zF vrTjlzCH8gfP5A8FOjZQ=</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6K XjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCG ZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBG J4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6K XjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCG ZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBG J4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6K XjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCG ZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBG J4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
 ¯
<latexit sha1_base64="2ndk9PwjJG7Jv8w+uQ+Ie8F15Vc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbB U0lFUG9FLx4rGFtoQtlsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjHsskYnuhNRwKRT3UKDknVRzGoeSt8PRzdRvP3FtRKLucZzyIKYDJSLBKFqp44dU+2 woetWaW3dnIMukUZAaFGj1ql9+P2FZzBUySY3pNtwUg5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBnkQqUZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZU sSE0Fl9eJt5Z/aru3p3XmtdFGmU4gmM4hQZcQBNuoQUeMJDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2cxj74=</latexit><latexit sha1_base64="2ndk9PwjJG7Jv8w+uQ+Ie8F15Vc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbB U0lFUG9FLx4rGFtoQtlsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjHsskYnuhNRwKRT3UKDknVRzGoeSt8PRzdRvP3FtRKLucZzyIKYDJSLBKFqp44dU+2 woetWaW3dnIMukUZAaFGj1ql9+P2FZzBUySY3pNtwUg5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBnkQqUZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZU sSE0Fl9eJt5Z/aru3p3XmtdFGmU4gmM4hQZcQBNuoQUeMJDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2cxj74=</latexit><latexit sha1_base64="2ndk9PwjJG7Jv8w+uQ+Ie8F15Vc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbB U0lFUG9FLx4rGFtoQtlsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjHsskYnuhNRwKRT3UKDknVRzGoeSt8PRzdRvP3FtRKLucZzyIKYDJSLBKFqp44dU+2 woetWaW3dnIMukUZAaFGj1ql9+P2FZzBUySY3pNtwUg5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBnkQqUZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZU sSE0Fl9eJt5Z/aru3p3XmtdFGmU4gmM4hQZcQBNuoQUeMJDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2cxj74=</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bp dcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bp dcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bp dcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit>
` , ⌫
<latexit sha1_base64="Wotj+ZTEseV8IAqfde3XqXEg1kM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5Z UBPVW9OKxgrGFJJbNdtMu3eyG3Y1QQn+GFw8qXv033vw3btsctPXBwOO9GWbmRSln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7D1pmilCPSC5VJ8KaciaoZ5jhtJMqipOI03Y0vJn47SeqNJPi3oxSGia4L1jMCDZW8gPK+ePpCQpE1q3W 3Lo7BVokjYLUoECrW/0KepJkCRWGcKy133BTE+ZYGUY4HVeCTNMUkyHuU99SgROqw3x68hgdWaWHYqlsCYOm6u+JHCdaj5LIdibYDPS8NxH/8/zMxJdhzkSaGSrIbFGccWQkmvyPekxRYvjIEkwUs7ciMsAKE2NTqtgQGvMvLxLvr H5Vd+/Oa83rIo0yHMAhHEMDLqAJt9ACDwhIeIZXeHOM8+K8Ox+z1pJTzOzDHzifP7TIkGo=</latexit><latexit sha1_base64="Wotj+ZTEseV8IAqfde3XqXEg1kM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5Z UBPVW9OKxgrGFJJbNdtMu3eyG3Y1QQn+GFw8qXv033vw3btsctPXBwOO9GWbmRSln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7D1pmilCPSC5VJ8KaciaoZ5jhtJMqipOI03Y0vJn47SeqNJPi3oxSGia4L1jMCDZW8gPK+ePpCQpE1q3W 3Lo7BVokjYLUoECrW/0KepJkCRWGcKy133BTE+ZYGUY4HVeCTNMUkyHuU99SgROqw3x68hgdWaWHYqlsCYOm6u+JHCdaj5LIdibYDPS8NxH/8/zMxJdhzkSaGSrIbFGccWQkmvyPekxRYvjIEkwUs7ciMsAKE2NTqtgQGvMvLxLvr H5Vd+/Oa83rIo0yHMAhHEMDLqAJt9ACDwhIeIZXeHOM8+K8Ox+z1pJTzOzDHzifP7TIkGo=</latexit><latexit sha1_base64="Wotj+ZTEseV8IAqfde3XqXEg1kM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5Z UBPVW9OKxgrGFJJbNdtMu3eyG3Y1QQn+GFw8qXv033vw3btsctPXBwOO9GWbmRSln2rjut1NaWl5ZXSuvVzY2t7Z3qrt7D1pmilCPSC5VJ8KaciaoZ5jhtJMqipOI03Y0vJn47SeqNJPi3oxSGia4L1jMCDZW8gPK+ePpCQpE1q3W 3Lo7BVokjYLUoECrW/0KepJkCRWGcKy133BTE+ZYGUY4HVeCTNMUkyHuU99SgROqw3x68hgdWaWHYqlsCYOm6u+JHCdaj5LIdibYDPS8NxH/8/zMxJdhzkSaGSrIbFGccWQkmvyPekxRYvjIEkwUs7ciMsAKE2NTqtgQGvMvLxLvr H5Vd+/Oa83rIo0yHMAhHEMDLqAJt9ACDwhIeIZXeHOM8+K8Ox+z1pJTzOzDHzifP7TIkGo=</latexit>
`+, ⌫¯
<latexit sha1_base64="a6KF97oWOYpqCd/8yCYspwtUKtU=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIglI SEdRb0YvHCsYWmlg220m7dLMJuxuhhv4SLx5UvPpXvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tLyyulZer2xsbm1X7Z3de5VkkoJHE57IdkgUcCbA00xzaKcSSBxyaIXD64nfegSpWCLu9CiFICZ9wSJGiTZS1676wPnD8Qn2QyJ9 kXXtmlN3psCLxC1IDRVodu0vv5fQLAahKSdKdVwn1UFOpGaUw7jiZwpSQoekDx1DBYlBBfn08DE+NEoPR4k0JTSeqr8nchIrNYpD0xkTPVDz3kT8z+tkOroIcibSTIOgs0VRxrFO8CQF3GMSqOYjQwiVzNyK6YBIQrXJqmJCcOdfX iTeaf2y7tye1RpXRRpltI8O0BFy0TlqoBvURB6iKEPP6BW9WU/Wi/VufcxaS1Yxs4f+wPr8ASxJklI=</latexit><latexit sha1_base64="a6KF97oWOYpqCd/8yCYspwtUKtU=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIglI SEdRb0YvHCsYWmlg220m7dLMJuxuhhv4SLx5UvPpXvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tLyyulZer2xsbm1X7Z3de5VkkoJHE57IdkgUcCbA00xzaKcSSBxyaIXD64nfegSpWCLu9CiFICZ9wSJGiTZS1676wPnD8Qn2QyJ9 kXXtmlN3psCLxC1IDRVodu0vv5fQLAahKSdKdVwn1UFOpGaUw7jiZwpSQoekDx1DBYlBBfn08DE+NEoPR4k0JTSeqr8nchIrNYpD0xkTPVDz3kT8z+tkOroIcibSTIOgs0VRxrFO8CQF3GMSqOYjQwiVzNyK6YBIQrXJqmJCcOdfX iTeaf2y7tye1RpXRRpltI8O0BFy0TlqoBvURB6iKEPP6BW9WU/Wi/VufcxaS1Yxs4f+wPr8ASxJklI=</latexit><latexit sha1_base64="a6KF97oWOYpqCd/8yCYspwtUKtU=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIglI SEdRb0YvHCsYWmlg220m7dLMJuxuhhv4SLx5UvPpXvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tLyyulZer2xsbm1X7Z3de5VkkoJHE57IdkgUcCbA00xzaKcSSBxyaIXD64nfegSpWCLu9CiFICZ9wSJGiTZS1676wPnD8Qn2QyJ9 kXXtmlN3psCLxC1IDRVodu0vv5fQLAahKSdKdVwn1UFOpGaUw7jiZwpSQoekDx1DBYlBBfn08DE+NEoPR4k0JTSeqr8nchIrNYpD0xkTPVDz3kT8z+tkOroIcibSTIOgs0VRxrFO8CQF3GMSqOYjQwiVzNyK6YBIQrXJqmJCcOdfX iTeaf2y7tye1RpXRRpltI8O0BFy0TlqoBvURB6iKEPP6BW9WU/Wi/VufcxaS1Yxs4f+wPr8ASxJklI=</latexit>
p
<latexit sha1_base64="45Kqg4tBv39f+KrEKYRchtmVNS0=">AAAB53icbVBNS8NAEJ34W etX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv 3WEyrNE3lvxikGMR1IHnFGjZWaaa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10 FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwBINYzH</latexit><latexit sha1_base64="45Kqg4tBv39f+KrEKYRchtmVNS0=">AAAB53icbVBNS8NAEJ34W etX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv 3WEyrNE3lvxikGMR1IHnFGjZWaaa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10 FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwBINYzH</latexit><latexit sha1_base64="45Kqg4tBv39f+KrEKYRchtmVNS0=">AAAB53icbVBNS8NAEJ34W etX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv 3WEyrNE3lvxikGMR1IHnFGjZWaaa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10 FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwBINYzH</latexit>
e, µ, ⌧
<latexit sha1_base64="7M8CTrO5kjPOiwtxd2lwrPdTgsY=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4k DIVQd0V3bis4NhCZyiZ9E4bmmSGPIQy9DfcuFBx69e4829M21lo64F7OZxzL7k5ccaZNr7/7ZVWVtfWN8qbla3tnd296v7Bo06tohDQlKeqExMNnEkIDDMcOpkCImIO7Xh0O/XbT6A0S+WDGWcQCTKQLGGUGCeFcIZDYV0zxPa qNb/uz4CXSaMgNVSg1at+hf2UWgHSUE607jb8zEQ5UYZRDpNKaDVkhI7IALqOSiJAR/ns5gk+cUofJ6lyJQ2eqb83ciK0HovYTQpihnrRm4r/eV1rkqsoZzKzBiSdP5RYjk2KpwHgPlNADR87Qqhi7lZMh0QRalxMFRdCY/HL yyQ4r1/X/fuLWvOmSKOMjtAxOkUNdIma6A61UIAoytAzekVvnvVevHfvYz5a8oqdQ/QH3ucPJiGQpg==</latexit><latexit sha1_base64="7M8CTrO5kjPOiwtxd2lwrPdTgsY=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4k DIVQd0V3bis4NhCZyiZ9E4bmmSGPIQy9DfcuFBx69e4829M21lo64F7OZxzL7k5ccaZNr7/7ZVWVtfWN8qbla3tnd296v7Bo06tohDQlKeqExMNnEkIDDMcOpkCImIO7Xh0O/XbT6A0S+WDGWcQCTKQLGGUGCeFcIZDYV0zxPa qNb/uz4CXSaMgNVSg1at+hf2UWgHSUE607jb8zEQ5UYZRDpNKaDVkhI7IALqOSiJAR/ns5gk+cUofJ6lyJQ2eqb83ciK0HovYTQpihnrRm4r/eV1rkqsoZzKzBiSdP5RYjk2KpwHgPlNADR87Qqhi7lZMh0QRalxMFRdCY/HL yyQ4r1/X/fuLWvOmSKOMjtAxOkUNdIma6A61UIAoytAzekVvnvVevHfvYz5a8oqdQ/QH3ucPJiGQpg==</latexit><latexit sha1_base64="7M8CTrO5kjPOiwtxd2lwrPdTgsY=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4k DIVQd0V3bis4NhCZyiZ9E4bmmSGPIQy9DfcuFBx69e4829M21lo64F7OZxzL7k5ccaZNr7/7ZVWVtfWN8qbla3tnd296v7Bo06tohDQlKeqExMNnEkIDDMcOpkCImIO7Xh0O/XbT6A0S+WDGWcQCTKQLGGUGCeFcIZDYV0zxPa qNb/uz4CXSaMgNVSg1at+hf2UWgHSUE607jb8zEQ5UYZRDpNKaDVkhI7IALqOSiJAR/ns5gk+cUofJ6lyJQ2eqb83ciK0HovYTQpihnrRm4r/eV1rkqsoZzKzBiSdP5RYjk2KpwHgPlNADR87Qqhi7lZMh0QRalxMFRdCY/HL yyQ4r1/X/fuLWvOmSKOMjtAxOkUNdIma6A61UIAoytAzekVvnvVevHfvYz5a8oqdQ/QH3ucPJiGQpg==</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyW Th5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6 F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8S aciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BK CGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaTo FNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp 3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyW Th5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6 F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8S aciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BK CGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaTo FNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp 3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyW Th5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6 F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8S aciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BK CGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaTo FNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp 3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
p
<latexit sha1_base64="45Kqg4tBv39f+Kr EKYRchtmVNS0=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2s wm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6C RTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaaa9SdWvuDG SZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokT ZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8 lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z 1hWnmDmCP3A+fwBINYzH</latexit><latexit sha1_base64="45Kqg4tBv39f+Kr EKYRchtmVNS0=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2s wm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6C RTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaaa9SdWvuDG SZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokT ZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8 lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z 1hWnmDmCP3A+fwBINYzH</latexit><latexit sha1_base64="45Kqg4tBv39f+Kr EKYRchtmVNS0=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2s wm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6C RTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaaa9SdWvuDG SZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokT ZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8 lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z 1hWnmDmCP3A+fwBINYzH</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh 69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQ QeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0Y ooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NA EJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZg O1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchpr PY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStO MXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NA EJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZg O1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchpr PY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStO MXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NA EJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZg O1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchpr PY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStO MXMEf+B8/gA8HYy/</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuy AJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8e FDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w 43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1 bpdcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957 dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4 BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuy AJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8e FDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w 43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1 bpdcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957 dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4 BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuy AJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8e FDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w 43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1 bpdcxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957 dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4 BBOoAbnUIcbaIAHDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit>
 
<latexit sha1_base64="VNOLMmk11Nk 4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIb hJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW 9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJ R/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURj loywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+ hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfH mZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcw R+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk 4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIb hJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW 9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJ R/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURj loywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+ hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfH mZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcw R+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk 4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIb hJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW 9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJ R/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURj loywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+ hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfH mZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcw R+gPv8wfzBI7o</latexit>
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Fig.6: Feynman diagrams for dark matter thermal freeze out (first row) and direct detection (second
row) in the model we consider. Time flows from left to right.
4.3.1. The Thermal Relic Density
If the VEV of S relaxes to zero after the electroweak phase transition, the mass of χ will be
given by m0. From the above baryogenesis analysis point of view, we find that χ is favored to be
heavier than Z ′ (see Fig. 5 and corresponding discussions). In the following, we will consider all
the possible annihilation channels, as shown in the first row of Fig. 6, that will contribute to the
dark matter relic density.
Let us first consider the annihilation channel χχ¯→ Z ′Z ′ (upper-left diagram of Fig. 6). The
annihilation cross section is [44]
(σvrel)χχ¯→Z′Z′ =
g′4
64piM2Z′
(
1− M
2
Z′
m20
)3/2
(
1− M
2
Z′
2m20
)2 [18(2q + 3)2 + M2Z′m20 (2q2 − 9)(2q2 + 12q + 9)
]
m0MZ′−−−−−−→ 9g
′4(2q + 3)2
32piM2Z′
, (4.9)
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where vrel is the relative velocity between χ and χ¯ particles before the annihilation, and in the last
step we take the limit that m0 MZ′ . Requiring that χ obtains the observed relic abundance [26]
through this annihilation mechanism, we get
g′ '
√
MZ′
5.9 TeV × |2q + 3| . (4.10)
This relation is shown by the red curve in Fig. 7 (left panel), for a particular value of q = −3
(similar results hold for other values of q, as long as q is of order one). Comparing with the blue
and magenta dots, which are the phenomenologically allowed points for successful baryogenesis
(surviving the various constraints in Fig. 5), we find these values of g′ are too small to account for
the correct dark matter relic density this way, unless the dark matter charge q value is unnaturally
large. Hence, we need larger contributions to the dark matter annihilation cross section from
additional channels.
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Fig. 7: Confronting the electroweak baryogenesis favored parameter space (shown by the blue and
magenta points) with dark matter observables, assuming the χ particle, which sources CP violation in
baryogenesis, is also the dark matter candidate. All the blue and magenta points in the plots satisfy
the constraints on the Z ′ boson shown in Fig. 5. The magenta points are consistent with both the
observed baryon asymmetry and the dark matter direct detection experiments, while the blue points
fails to pass the latter constraint. In the left (right) panel, on the red curve (band), the χ particle
could explain the correct relic density through the thermal freeze out mechanism via the annihilation
channel χχ¯→ Z ′Z ′ (χχ¯→ rr, aa, ra).
Next, we consider the s-channel Z ′ exchange, as shown by Fig. 6 (upper-right diagram), where
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χχ¯ annihilate into SM charged leptons and neutrinos. The corresponding cross section is (assuming
the limit m0 MZ′),
(σvrel)χχ¯→`+`−,νν¯ =
9g′4(2q + 3)2
128pim20
. (4.11)
Comparing this expression with Eq. (4.9), we find that (σvrel)χχ¯→`+`−,νν¯ is not sufficiently large,
since it is parametrically smaller than (σvrel)χχ¯→Z′Z′ , for m0  MZ′ . The latter having an
enhancement factor, m20/M
2
Z′ , which arises from χχ¯ mainly annihilating into the longitudinal
component of the Z ′ boson.
Finally, we consider the dark matter annihilation into the dark scalar S. Here we first derive
the dark scalar spectrum and its couplings to the dark matter χ. The most general scalar potential
of S is given by the sum of Eqs. (3.1) and (3.3). We will focus on the case where in (3.3) only the
quadratic term µ2SS
2 + h.c. is present, and the VEV of S relaxes to zero when the dark matter
freezes out (which typically occurs at temperatures below the electroweak phase transition). In
this case, CP can be violated in the dark sector as explained in Sec. 3.2. We can first redefine
the phases of S and χL,R fields so that m0 and µS are real parameters, but the λc coupling in
Eq. (2.3) remains complex in general. As before, we rewrite λc = λe
iθλ with λ and θλ being real
parameters. In this basis, the complex scalar S is separated into its real and imaginary parts
S = (r + ia)/
√
2, where r and a are the physical mass eigenstates, with respective masses
M2r = λSHv
2 − 2λSv2S + 2µ2S ,
M2a = λSHv
2 − 2λSv2S − 2µ2S .
(4.12)
Conditions (3.2) and (3.7) guarantee that both M2r and M
2
a are positive. Clearly, the presence
of the µ2SS
2 + h.c. potential term breaks the degeneracy between r and a, Mr 6= Ma. It is then
straightforward to rewrite the Yukawa interaction, Eq. (2.3), into those between r, a and the
fermion χ, which takes the form
Ldark Yukawa = λeiθλχ¯LχRS + h.c.
=
r√
2
(λ cos θλχ¯χ+ λ sin θλχ¯iγ5χ) +
a√
2
(−λ sin θλχ¯χ+ λ cos θλχ¯iγ5χ) .
(4.13)
With these interactions, we calculate the cross sections for χχ¯ annihilating into rr, aa and ra.
The corresponding Feynman diagrams are shown in Fig. 6 (upper-middle diagram). The sum of
these annihilation cross sections is
(σvrel)χχ¯→rr + (σvrel)χχ¯→aa + (σvrel)χχ¯→ra '
λ4
(
3− cos 4θλ
)
256pim20
, (4.14)
where we assume that the final state particles r and a are much lighter than χ. Obtaining the
correct relic density for χ through this channel then requires λ to lie within the window√
m0
1.4 TeV
< λ <
√
m0
1.0 TeV
, (4.15)
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for 0 < θλ < 2pi. This relation is derived by assuming the χχ¯→ Z ′Z ′ and χχ¯ → `+`−, νν¯
annihilation cross sections discussed above are much smaller than the one in Eq. (4.14), and thus
negligible when accounting for the total value of the thermal relic density. Region (4.15) is shown
by the red band in Fig. 7 (right panel). Again, the blue/magenta dots are the phenomenologically
viable points obtained from the baryogenesis scan, and now shown in the λ versus m0 parameter
space. This comparison makes it clear that there exists a viable region in the parameter space
where both successful electroweak baryogenesis and correct dark matter relic density are achievable.
The favored region of dark matter mass is around a few hundred GeV.
4.3.2. The Direct Detection
Direct detection of dark matter in this model could occur through Z ′ exchange. However, because
the Z ′ is the gauge boson for lepton number, it does not directly couple to nucleons, implying that
the dark matter-nucleon scattering should occur through loop of charged leptons which effectively
act as a kinetic mixing between the Z ′ and the photon, as shown in Fig. 6 (lower-left diagram).
The corresponding spin-independent cross section for this process is [45],
σχp→χp =
16α2α′2(q + 3/2)2µ2p
81pi
(
q2 −M2Z′
)2
 ∑
`=e,µ,τ
f(q2,m`)
2 , (4.16)
where α′ = g′2/(4pi), µp = m0mp/(m0 +mp) is the reduced mass of the dark matter and target
nucleus system (mp is the proton mass), and
f(q2,m`) =
1
q2
5q2 + 12m2` + 6(q2 + 2m2` )
√
1− 4m
2
`
q2
arccoth
√1− 4m2`
q2
+ 3q2 log Λ2
m2`
 ,
(4.17)
where Λ is the cutoff scale corresponding to the renormalization of the effective Z ′ − γ kinetic
mixing. We set Λ = 1 TeV in our calculation, and assume q ∼ O(1). The typical square momentum
transfer of the scattering is of order q2 = −4µ2v2, where v ' 10−3 is the typical halo dark matter
velocity 10. In Fig. 7, the points in magenta are compatible with the present dark matter direct
detection constraints [46], and can generate the observed baryon asymmetry in the universe.
In addition, the dark matter direct detection could also be mediated by the scalar S (or
equivalently the r, a mass eigenstates) and the Higgs boson exchange. If S has no VEV today, the
dark matter scattering is a loop level process, as shown in Fig. 6 (lower-right diagram). In this
case, the cross section arises from a loop suppressed Higgs portal interaction and is sufficiently
small and can be neglected [47]. On the other hand, if S were to have a nonzero VEV, it would
mix with the Higgs boson and the dark matter scattering would occur at tree level. In such a
10In the case of Xenon nucleus target, we have µ = m0mXe/(m0 +mXe), with mXe ∼ 130mp.
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case, the direct detection constraints could become important depending on the mass of S and
the size of its mixing with the Higgs boson [48].
4.4. Implications for Electric Dipole Moments
We will comment here on the implications of our baryogenesis model for the electric dipole moment
experiments. It is generically expected that the CP violating interaction between S and χ, required
for successful baryogenesis, will propagate at loop level to the Standard Model sector, giving rise
to EDMs.
The relevant interaction and mass terms for CP violation in the dark sector are given in
Eqs. (2.3) and (3.3). We first consider the case where the VEV of S at zero temperature is zero
and only the µ2SS
2 + h.c. term is present in Eq. (3.3). As explained in Sec. 4.3.1, the complex
scalar S splits into its real and imaginary parts, yielding the physical mass eigenstates, r and a,
respectively, and their interactions with dark matter are given by Eq. (4.13). If θλ 6= 0, the r
and a fields couple to both scalar (χ¯χ) and pseudoscalar (χ¯iγ5χ) operators involving the χ fields.
At the same time, they also couple to the SM Higgs boson through the Higgs portal interaction,
Eq. (2.6),
λSH |S|2|H|2 ⊃ λSHv
2
h(r2 + a2) . (4.18)
Then Eqs. (4.13) and (4.18) allow us to derive a CP violating Higgs-Z ′ operator, of the form
hZ ′µνZ˜ ′µν , at two loop level, as shown in Fig. 8. Out of the two vertices where the dark scalars (r
or a) are attached to the χ loop, one of them needs to be the scalar coupling in Eq. (4.13) and
the other the pseudoscalar coupling, so that CP can be violated. The resulting coefficient of the
hZ ′µνZ˜ ′µν operator will be proportional to λ2 sin θλ cos θλ.
h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/ 0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS 8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO 1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiC nynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7Tz KBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2i ADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/ 0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS 8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO 1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiC nynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7Tz KBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2i ADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/ 0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS 8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO 1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiC nynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7Tz KBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2i ADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>
r, a
<latexit sha1_base64="GIymElGoFMGRcw7NMcWBO xEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP 8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DT tvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYY TTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksSh KOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMr vDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBO xEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP 8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DT tvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYY TTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksSh KOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMr vDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBO xEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP 8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DT tvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYY TTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksSh KOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMr vDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit>
r, a
<latexit sha1_base64="GIymElGoFMGRcw7NMcWBO xEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP 8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DT tvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYY TTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksSh KOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMr vDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBO xEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP 8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DT tvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYY TTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksSh KOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMr vDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBO xEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP 8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DT tvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYY TTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksSh KOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMr vDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit>
 
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5 PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7 /Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqi kXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrw wins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi 6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4 hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5 PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7 /Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqi kXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrw wins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi 6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4 hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5 PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7 /Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqi kXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrw wins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi 6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBGJ4 hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit>
h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxS J4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw1 6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpm xD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxS J4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw1 6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpm xD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxS J4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw1 6l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpm xD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJdNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6 rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpd cxPjZ1QZzgSOS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEwFMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4c4bOi/Pu fMxaC04+sw9/4Hz+AIcljOI=</latexit>
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Fig. 8: Two-loop generated hZ ′µνZ˜ ′µν vertex.
It is worth noting that the non-degeneracy between r and a is the key for the coefficient of
this operator to be nonzero, otherwise the coupling structure in (4.13) would lead to a complete
cancellation between the two diagrams involving r and a, respectively. This cancellation could
also be understood from a symmetry argument. Based on the discussions in Sec. 3.2, if the δV
potential (containing µ2SS
2 term) vanishes, thus leading to degenerate r and a fields, there is no
CP violation in the dark sector — all the parameters can be made real by field redefinitions —
and there is no contribution to any CP violating operators.
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In the presence of dark sector CP violation, when the contribution to the hZ ′µνZ˜ ′µν operator
is nonzero, we could use it to further generate the EDM for the electron, at the price of another
two loops, as shown in Fig. 9. Unlike the Barr-Zee type diagrams for EDMs [12], here we must
attach both Z ′s to the electron line and the external photon to either of the internal electron
propagators.
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Fig. 9: Two-loop generated electron EDM, from the hZ ′µνZ˜ ′µν vertex (represented by the gray blob).
In our model, the hZ ′µνZ˜ ′µν is generated at two loop level, see Fig. 8. The photon must be radiated
from one of the internal propagators and that has to be an electron propagator because everybody else
is electrically neutral.
By simple power counting, the resulting electron EDM is
de ∼ eGFme
(16pi2)4
(λSHλ
2g′4q2) sin(2θλ) . 10−30(λSHλ2g′4q2) sin(2θλ) e cm . (4.19)
This estimate is valid assuming that the r and a mass difference is around the electroweak scale.
With the factor (λSHλ
2g′4q2) < 1, the resulting electron EDM is well below the current upper
bound on de, which comes from the ACME experiment [8]: de < 1.1× 10−29 e cm. As mentioned
in the introduction, this is an appealing feature of our model for electroweak baryogenesis which,
unlike many others, is safe from the EDM constraints, even if the CP phase is of order one.
Finally, we comment on the case where the VEV of S at zero temperature is non-zero. In this
case, from the Higgs portal interaction, Eq. (2.6), there is a direct mixing between r and h fields.
As a result, the hZ ′µνZ˜ ′µν vertex could be generated by replacing the scalar loop in Fig. 8 by the
r − h mixing, with only one r attached to the fermion loop via the pseudoscalar coupling, which
becomes a one-loop diagram. The contribution to the electron EDM in this case reduces to three
loops,
de ∼ 10−28
(
λSHvvS/M
2
r
)
sin θλ e cm , (4.20)
where the factor (λSHvvS/M
2
r ) is the mixing between r and h. The Higgs boson rate mea-
surements at the LHC requires this mixing must be less than . 20% [49]. This implies that
de . 10−29 sin θλ e cm, allowing the predicted EDM to be closer to the current upper bound and
giving a prospect for future electron EDM searches.
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4.5. Possible LHC Signals of the Dark Scalar(s)
In this subsection, we comment on the possible collider signals of the new scalar S in our model.
Unlike the electroweak phase transition discussion, where only the S field background is relevant,
here we consider the S excitations, being produced as particles. As mentioned in Sec. 4.4, the
physical states from the S field are its real, r, and imaginary, a, parts, which have different
masses. Their interactions with χ are given by Eq. (4.13), thus, if kinematically allowed, they
could dominantly decay into χχ¯. However, as discussed in Sec. 4.3, for the dark matter χ to
freeze out effectively we need r and a to be lighter than χ. In this case, they have to decay via a
loop of χ into a pair of Z ′ bosons, as shown in Fig. 10 (upper left panel) 11. This could lead to a
potentially interesting signature because the Z ′ boson, which is typically lighter than χ (necessary
for successful baryogenesis), has to decay into SM charged leptons or neutrinos. Each decaying r
or a could then produce as many as four charged leptons.
r, a
<latexit sha1_base64= "GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbV BNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1K Ns22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vz TAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKk J9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyK BzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCO Zr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMs ZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0 nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA 6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3P t6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHe nY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64= "GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbV BNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1K Ns22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vz TAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKk J9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyK BzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCO Zr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMs ZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0 nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA 6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3P t6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHe nY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64= "GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbV BNSwMxEJ2tX7V+VT16CRbBQym7UlBvRS8eK7htoV1K Ns22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vz TAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKk J9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyK BzNJaBDjoWARI9hYqaWqvSrC/XLFrblzoFXi5aQCO Zr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMs ZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0 nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA 6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qF3X3P t6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHe nY9Fa8HJZ47hD5zPH9txjjA=</latexit>  
<latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5 PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq 7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJc qikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qgh wrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMU EkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAP BGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5 PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq 7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJc qikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qgh wrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMU EkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAP BGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit><latexit sha1_base64="Qm6lV4JovvUXIWiyWTh5 PCDrAuI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq 7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJc qikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qgh wrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMU EkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAP BGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bKSOBQ==</latexit>
m0
<latexit sha1_base64="PhbKq4u4V/UQKtwLCxNMKkw WxmE=">AAAB6XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoN6KXjxWdG2hXUo2zbahSXZJskJZ+hO8eFDx6j/y5r8xbfe grQ8GHu/NMDMvSgU3FuNvr7Syura+Ud6sbG3v7O5V9w8eTZJpygKaiES3I2KY4IoFllvB2qlmREaCtaLRzdRvPTFte KIe7DhloSQDxWNOiXXSvezhXrWG63gGtEz8gtSgQLNX/er2E5pJpiwVxJiOj1Mb5kRbTgWbVLqZYSmhIzJgHUcVkcy E+ezUCTpxSh/FiXalLJqpvydyIo0Zy8h1SmKHZtGbiv95nczGl2HOVZpZpuh8UZwJZBM0/Rv1uWbUirEjhGrubkV0S DSh1qVTcSH4iy8vk+CsflXHd+e1xnWRRhmO4BhOwYcLaMAtNCEACgN4hld484T34r17H/PWklfMHMIfeJ8/ZumNZw ==</latexit><latexit sha1_base64="PhbKq4u4V/UQKtwLCxNMKkw WxmE=">AAAB6XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoN6KXjxWdG2hXUo2zbahSXZJskJZ+hO8eFDx6j/y5r8xbfe grQ8GHu/NMDMvSgU3FuNvr7Syura+Ud6sbG3v7O5V9w8eTZJpygKaiES3I2KY4IoFllvB2qlmREaCtaLRzdRvPTFte KIe7DhloSQDxWNOiXXSvezhXrWG63gGtEz8gtSgQLNX/er2E5pJpiwVxJiOj1Mb5kRbTgWbVLqZYSmhIzJgHUcVkcy E+ezUCTpxSh/FiXalLJqpvydyIo0Zy8h1SmKHZtGbiv95nczGl2HOVZpZpuh8UZwJZBM0/Rv1uWbUirEjhGrubkV0S DSh1qVTcSH4iy8vk+CsflXHd+e1xnWRRhmO4BhOwYcLaMAtNCEACgN4hld484T34r17H/PWklfMHMIfeJ8/ZumNZw ==</latexit><latexit sha1_base64="PhbKq4u4V/UQKtwLCxNMKkw WxmE=">AAAB6XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoN6KXjxWdG2hXUo2zbahSXZJskJZ+hO8eFDx6j/y5r8xbfe grQ8GHu/NMDMvSgU3FuNvr7Syura+Ud6sbG3v7O5V9w8eTZJpygKaiES3I2KY4IoFllvB2qlmREaCtaLRzdRvPTFte KIe7DhloSQDxWNOiXXSvezhXrWG63gGtEz8gtSgQLNX/er2E5pJpiwVxJiOj1Mb5kRbTgWbVLqZYSmhIzJgHUcVkcy E+ezUCTpxSh/FiXalLJqpvydyIo0Zy8h1SmKHZtGbiv95nczGl2HOVZpZpuh8UZwJZBM0/Rv1uWbUirEjhGrubkV0S DSh1qVTcSH4iy8vk+CsflXHd+e1xnWRRhmO4BhOwYcLaMAtNCEACgN4hld484T34r17H/PWklfMHMIfeJ8/ZumNZw ==</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJ dNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/ y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoH AZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgS OS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEw FMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4 c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJ dNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/ y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoH AZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgS OS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEw FMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4 c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJ dNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/ y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoH AZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgS OS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEw FMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4 c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit>
Z 0<latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJ dNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/ y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoH AZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgS OS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEw FMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4 c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJ dNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/ y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoH AZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgS OS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEw FMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4 c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit><latexit sha1_base64="dMuxWBKF1CLW1apiDuyAJ dNfI7c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lFUG9FLx6rGFtsQ9lsJ+3SzSbsboQS+g+8eFDx6k/ y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGHosFrFqBVSj4BI9w43AVqKQRoH AZjC8nvjNJ1Sax/LejBL0I9qXPOSMGivdPR53yxW36k5BFkktJxXI0eiWvzq9mKURSsME1bpdcxPjZ1QZzgS OS51UY0LZkPaxbamkEWo/m146JkdW6ZEwVrakIVP190RGI61HUWA7I2oGet6biP957dSEF37GZZIalGy2KEw FMTGZvE16XCEzYmQJZYrbWwkbUEWZseGUbAi1+ZcXiXdavay6t2eV+lWeRhEO4BBOoAbnUIcbaIAHDEJ4hld4 c4bOi/PufMxaC04+sw9/4Hz+AIcljOI=</latexit>
r, a
<latexit sha1_base64="GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbB Qym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSr C/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlW wI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbB Qym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSr C/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlW wI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbB Qym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSr C/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlW wI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit>
r, a
<latexit sha1_base64="GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbB Qym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSr C/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlW wI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbB Qym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSr C/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlW wI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit><latexit sha1_base64="GIymElGoFMGRcw7NMcWBOxEMo0o=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbB Qym7UlBvRS8eK7htoV1KNs22sdlkSbJCWfofvHhQ8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48ammZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+Hbmt5+o0kyKBzNJaBDjoWARI9hYqaWqvSr C/XLFrblzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlW wI3vLLq8S/qF3X3Pt6pXGTp1GEEziFc/DgEhpwB03wgcAjPMMrvDnSeXHenY9Fa8HJZ47hD5zPH9txjjA=</latexit>
g
<latexit sha1_base64="+6sKKxuxkS1pFSeHLfAn5FcIfoY=">AAAB53icbVBNS8NAEJ34WetX1aOXx SJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZW ag16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqy ozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA6moy+</latexit><latexit sha1_base64="+6sKKxuxkS1pFSeHLfAn5FcIfoY=">AAAB53icbVBNS8NAEJ34WetX1aOXx SJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZW ag16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqy ozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA6moy+</latexit><latexit sha1_base64="+6sKKxuxkS1pFSeHLfAn5FcIfoY=">AAAB53icbVBNS8NAEJ34WetX1aOXx SJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZW ag16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqy ozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA6moy+</latexit>
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Fig. 10: Feynman diagrams for the loop induced decay of r, a into two Z ′ bosons (upper left) and
the production process gg → rr (or aa) via an off-shell Higgs boson (upper right). The cross section
for the latter at
√
s = 13 TeV LHC is shown in the lower panel.
There is important information about the model in these charged lepton decay products. First,
each pair of the charged leptons sit on the Z ′ resonance, so their invariant masses all line up in
11A similar diagram makes in the standard model the “golden channel” decay h→ γγ via a top quark loop.
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the same energy bin corresponding to the Z ′ mass. Moreover, because r (and a) has both CP
even and odd couplings with χ, the effective operators for its decay (after integrating out χ in
the loop) are rZ ′µνZ ′µν and rZ ′µνZ˜ ′µν . The interference of the two decay amplitudes allows us to
probe CP violating observables in the final state charged lepton angular distributions, in analogy
to using the “golden-channel” of the Higgs decay to probe CP violation [50].
For the production of the new scalars r, a, we resort to the Higgs portal interaction, Eq. (2.6)
or (4.18). If the S field has no VEV today, there is a Z2 symmetry at this vertex which requires
that r or a must be pair produced. This may occur at the LHC, or a prospective future hadron
collider, through the gluon fusion process that creates an off-shell Higgs boson, which later on splits
into two r (or a) particles, as shown in Fig. 10 (upper right panel). The corresponding production
cross section at the LHC is shown in the lower panel of Fig. 10. Quantitatively, σgg→rr,aa ∼ 10λ2SH
fb (∼ 0.1λ2SH fb) for Mr,a ' 150 GeV (for Mr,a ' 300 GeV). After the decays of the r (or a)
scalars, the final state could contain as many as 4 pairs of charged leptons, which would provide a
very striking signal. A recent analysis [51] has shown that the multi-lepton final state data from
the LHC [52] could already set useful limits on dark sector models. Comparing the production
cross section shown in Fig. 10 with the limits derived in [51], we find that the existing LHC data
could already cover the region where the dark scalar (r or a) is lighter ∼ 200 GeV for λSH ∼ O(1).
Finally, we comment on the case where S has a nonzero VEV today. A nonzero VEV of S
allows r-Higgs boson mixing implying that, in addition to the above pair production mode, r may
be singly produced through mixing via the gluon fusion channel. There are two possibilities to
consider: a) the Higgs boson is produced off-shell and subsequently mixes with r, that is produced
on shell as a new resonance and decays to a Z ′ pair at tree level, leading to 4 leptons in the
final state. This is an interesting signature to be explored. The new r resonance can also decay
to SM final states, but this will be further suppressed by an additional r − h mixing factor. b)
The Higgs boson can be produced on shell and its decays can be modified through its mixing
with r. Importantly, this has a direct impact on precision measurements of the SM-like Higgs
boson, by modifying the Higgs couplings to SM particles, allowing for Higgs exotic decays, and
affecting the di-Higgs production rate. In particular, the current bound [53] on Higgs exotic decay
h→ 2Z ′ → 4` is consistent with an order one r− h mixing, for g′ . 10−2 and vS . 100 GeV. This
region of parameter space is just below the LEP bound shown in Fig. 5 and is an interesting
benchmark for future collider searches.
5. The Case of Gauged Lµ + Lτ
In this section, we consider another incarnation of the gauged U(1)` model where only two lepton
flavors are gauged, ` = Lµ + Lτ , Ng = 2. We will comment on the differences and similarities for
the EWBG predictions, as well as the phenomenological implications between this two flavor case
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and the previously studied three flavor case with ` = Le + Lµ + Lτ .
The previous discussion on our recently proposed EWBG mechanism in Sec. 3 has assumed a
generic value of Ng. The parametric dependence of the final baryon asymmetry to entropy ratio is
given by
ηB =
∆nB
s
∝ g
′2N2gT 3c Lωα5W
M2Z′vω
, (5.1)
from where one observes that, for a fixed value of MZ′ , it scales as g
′2N2g i.e. the favored values
of g′ in the Ng = 2 case will be ∼ 1.5 times larger than those in the Ng = 3 case. In Fig. 11,
the blue points show the EWBG favored region of parameter space in the g′ versus MZ′ plane,
obtained by scanning over the model and phase transition parameters given by Eq. (3.27). This
figure is the analogous to Fig. 5 for the Ng = 2 case.
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Fig.11: Scanned points (blue) in the g′ – MZ′ plane, compatible with the observed baryon asymmetry
of the universe assuming Ng = 2 . The colorful shaded regions have been excluded by the existing
constraints from the CCFR and Borexino experiments, respectively. The yellow band is the favored
region for explaining the muon g − 2 anomaly. The black dashed lines correspond to vΦ equal 1 and
10 TeV; two indicative values related to the anomalon masses that need to be above the electroweak
scale.
Experimentally, the gauged Lµ + Lτ model is interesting because the Z
′ does not couple to
electrons at tree level. This helps to avoid most constraints discussed in Sec. 4.1. There are,
however, relevant constraints from neutrino trident production (CCFR) [54] and loop-induced
solar-neutrino-electron scattering (Borexino) [32, 55] which exclude the correspondingly labeled
shaded regions in Fig. 11. In this model, the Borexino experiment stands out to be the most
important neutrino scattering experiment because the solar neutrino contains a νµ component.
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Interestingly, there is an allowed region of parameter space that can explain the muon g − 2
anomaly (yellow band) and favored by EWBG, with 5 MeV .MZ′ . 200 MeV. This region however,
demands quite large yukawa couplings to lift the anomalons masses for relatively small values of
vΦ. The NA64 experiment [36] if running in a muon mode, will test the region compatible with
(g − 2)µ, as well as a vast region of EWBG favored solutions for g′ as low as a few ×10−5 and Z ′
masses up to several GeV [32].
In view of neutrino cosmology, the gauged Lµ + Lτ model has an attractive aspect where the
scalars Φ and S both carry U(1)` charge 2. This allows them to directly give Majorana masses
to the right-handed neutrinos, which is necessary for being consistent with the ∆Neff bound
in cosmology and keeping the Z ′ sufficiently light, as discussed in Sec. 4.2. However, with the
minimal particle content given in Table 1, the gauged Lµ + Lτ model cannot generate realistic
active neutrino masses and mixings. This is mainly because the electron neutrino in this model is
not charged under the U(1)`, which forbids it to mix with the µ and τ flavors unless a charge one
scalar (named S′) under U(1)`, with a non-vanishing VEV, is introduced. The relevant Yukawa
interactions, and Majorana mass terms, accounting for realistic neutrino masses and mixings take
the form
Y eeν L¯eH˜νRe +
∑
α,β=µ,τ
Y αβν L¯αH˜νRβ +Meeν¯
c
ReνRe +
∑
α=µ,τ
Y ′′eαS
′ν¯cReνRβ +
∑
α,β=µ,τ
Y ′αβΦν¯
c
RανRβ + h.c. ,
(5.2)
where we also have to introduce an electron flavored right-handed neutrino νRe which is a U(1)`
singlet and can have a bare Majorana mass Mee.
The dark matter phenomenology in the gauged Lµ + Lτ model is similar to that discussed
in Sec. 4.3, except that there could be an additional annihilation channel χχ¯ → νRνR through
an s-channel Φ or S exchange, if kinematically allowed, as their U(1)` quantum numbers match
for Ng = 2. These new annihilation channels introduce additional model dependence in the relic
density calculations.
Finally, the contribution to electron EDM in the gauged Lµ+Lτ model is suppressed compared
to the gauged Le + Lµ + Lτ case, by the absence of Z
′-electron coupling.
6. The Case of Gauged Baryon Number B
In this section we will comment on an alternative U(1) extension of the Standard Model where
the new electroweak baryogenesis mechanism proposed in this work could also work. Here we
will consider gauging the baryon number, U(1)B, instead of the lepton number, under which the
SM quarks carry charge 1/3 but leptons are neutral. An interesting observation is that the same
new fermion content as in Tab. 1 could also cancel all U(1)B gauge anomalies, where the L
′
L,
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e′R, χR, L
′′
R, e
′′
L, χL fields carry, under U(1)B, the same charges assigned in Tab. 1, Ref. [16]
12.
On the other hand, the right-handed neutrinos νiR, are now neutral under U(1)B and they are
just introduced for the purpose of giving mass to the neutrinos. An immediate consequence
of this setup is that, without participating in the new U(1)B interactions, the ν
i
R’s will not be
thermalized in the early universe. Therefore, unlike the U(1)` case, the Dirac neutrino mass
scenario is consistent with the cosmological constraints on ∆Neff in the gauged U(1)B model.
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Fig. 12: The parameter space of the gauged U(1)B model that could generate the observed baryon
asymmetry of the universe (blue points), in the g′ – MZ′ plane. The colorful shaded regions have been
excluded by the existing constraints from LHC dijet searches (red), hadronic width of Υ (magenta)
and J/Psi (Orange). The gray shaded region is the minimally excluded region by the LEP bound
on electric charged anomalon fields, assuming their Yukawa couplings with the VEV vΦ is near the
perturbative limit
√
4pi. The black dashed lines correspond to vΦ equal to 1, 10 TeV,
For electroweak baryogenesis, the baryonic Z ′0 background could still be generated from the
χ-bubble-wall interaction, which now serves as the baryon number chemical potential for the
SM quarks, instead of leptons as in the U(1)` models. As a result, the Boltzmann equation
Eq. (3.22) will become directly one for the baryon asymmetry, with the replacement ∆nL → ∆nB ,
the thermal equilibrium asymmetry ∆nEQB being identical to Eq. (3.21). It is worth noting that
the baryon charge factor 1/3 for quarks is now compensated by the number of colors. The existing
constraints on the baryogenesis viable parameter space are shown in Fig. 12. The baryogenesis
viable parameter space in this model is the same as the blue points shown in Fig. 5, except for a
different set of experimental constraints on the baryonic Z ′ [56]. In particular, the LHC constraints
12 We keep the same notation as for U(1)l, in spite of the fact that these new states carry baryon number. Observe
they are all color singlets.
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on the baryonic Z ′-quark coupling is much weaker than the LEP constraint on leptophilic Z ′ [57].
This allows a wider window for our EWBG mechanism to be successful.
Because the Z ′ in this case only couples to quarks, the dark sector CP violation will dominantly
contribute to quark EDMs instead of the electron EDM, which are less severely constrained.
Like the gauged U(1)` model, here the dark fermion χ could still be a thermal dark matter
candidate. Its annihilation channels are similar to those depicted in Fig. 6, except that the
annihilation final states will be quarks instead of leptons. On the other hand, direct detection
constraints become much stronger because in the gauged U(1)B model the Z
′ directly couples
to quarks and the dark-matter-nucleon scattering now occurs at tree level. For generic values
of q of order one, the current direct detection limit on spin-independent dark-matter-nucleon
scattering cross section implies vΦ & 20 TeV. This constraint is in tension with most of the EWBG
favored points in Fig. 12. A possible way to alleviate this tension is to choose q = −3/2 in which
case the dark-matter-Z ′ coupling becomes an axial current interaction and the corresponding
dark-matter-nucleon scattering is suppressed by the incoming dark matter velocity in the galactic
halo.
7. Conclusion
One of the main challenges to electroweak baryogenesis models is that the required amount of
CP violation can be at odd with the improved limits on the electron and neutron electric dipole
moments. In this work, we propose a model where electroweak baryogenesis is triggered by a
CP violating dark sector. During the electroweak phase transition, the CP violating effect is
transferred from the dark to the visible sector at tree level via the background of a Z ′0 gauge
boson, whereas at zero temperature the transmission of CPV effects could be suppressed up to
four loop level. This mechanism helps to alleviate the otherwise severe EDM constraints on the
viable baryogenesis parameter space.
The U(1)` model we have considered is based on a gauged lepton number symmetry, where
the anomaly cancellation condition requires extending the SM sector with new fermions carrying
lepton number. The lightest of these fermions plays the role of dark matter. After the spontaneous
breaking of the gauged lepton number, once all the new fermion fields (the anomalons) - with the
exception of the dark matter candidate - are integrated out, the fermion content of the effective
theory contains all SM fermions, right handed neutrinos and the dark matter. The force carrier of
the new gauge interaction, Z ′, couples to the lepton number current involving all fermions in the
effective theory, which is anomalous with respect to SU(2)L – a key ingredient for the baryogenesis
mechanism to work.
To achieve a first order electroweak phase transition we introduce a SM singlet S in the dark
sector, which couples to the Higgs boson portal and may allow for a two-step phase transition
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in the early universe. Similar studies in the literature have shown that after an initial transition
from a trivial vacuum state (vS , 0) at very high temperatures, it is possible to trigger a strong
first order transition to the electroweak vacuum (0, v), thereby creating the out-of-equilibrium
condition necessary for baryogenesis. A detailed analysis of the phase transition history will be
presented elsewhere.
The role of the dark sector CP violation in our baryogenesis mechanism for the U(1)` model
can be summarized in the following steps:
1. CP is first violated in the dark sector, containing the χL,R fermions. Their mass term has
an irreducible phase that becomes time-dependent only during the first-order electroweak
phase transition, involving both the Higgs field and the dark scalar S, as described above.
2. This time dependent CP violating mass generates particle chiral asymmetries for χL,R in the
dark sector, which diffuse to the exterior of the bubble wall, where SM sphalerons are active.
3. By model construction, χL and χR carry different U(1)` charges. As a result, their chiral
asymmetries generate a net U(1)` charge density near the wall, that yields a Coulomb
background for the Z ′0 gauge field.
4. Given that the gauge field Z ′0 couples, not only to the dark sector leptons but also to the
SM leptons, it generates a chemical potential for the SM leptons.
5. In the presence of sphaleron processes, which are active outside the bubble, the SM lepton
number asymmetry will evolve towards its equilibrium value set by the above chemical
potential.
6. As sphalerons preserve B − L, that originally was zero, they can change the generated SM
lepton number into baryon number. Hence, a baryon number asymmetry will be equally
generated.
7. Inside the bubbles the sphaleron processes are suppressed, and the baryon asymmetry
generated at the phase transition is not washed out. This process sets the baryon asymmetry
as an input for the initial condition in standard cosmology.
As for the phenomenology of the present model, the contributions to EDM are highly suppressed,
below the present experimental limits, and we do not expect to see a positive signal in the next
generation of experiments. Instead, one of our main predictions, in particular for the U(1)` model,
is a leptophilic Z ′ boson with mass below the TeV scale. The lighter the Z ′, the more weakly
coupled it should be, as shown in Fig. 5. It serves as a very well-motivated target for a number
of searches at near future and prospective experiments, such as BELLE II, NA64 (µ mode) and
SHiP, as well as a possible Higgs factory.
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Accommodating a dark matter candidate within this new EWBG mechanism provides an
additional handle in probing this idea. Concerning the fermion candidate χ to dark matter, we
show that the annihilation cross sections involving the new force carrier Z ′ are too small. However
the dark matter annihilation into the new scalar S comes to the rescue, yielding the correct relic
abundance via thermal freeze out. Direct detection experiments also yield important information
on the parameter space compatible with EWBG. The most relevant, straightforward contribution
comes from the Z ′ exchange which, given the leptophilic nature of this new gauge boson in the
U(1)` model, implies that dark matter scattering occurs at loop level. Future direct dark matter
searches, with an improvement of about two order of magnitude over present bounds, will provide
an important test of the viable parameter space in the U(1)` model of EWBG.
Finally, there are novel collider signals from the new additional scalar S, which can be pair
produced via an s-channel off-shell Higgs boson, or singly produced through mixing with the Higgs
boson. The former, pair-production mode could lead to 8 charged lepton final states from the
decays of the Z ′s. The latter, single-production mode, instead, could yield 4 charged leptons. For
both cases, one could reconstruct the Z ′ mass from the invariant mass of the charged lepton pairs.
The new scalar S can also be virtually produced via mixing with the Higgs boson, altering the
Higgs boson phenomenology. Current bounds on the Higgs boson exotic decays still allow for a
large region of parameter space compatible with our EWBG mechanism, and provide interesting
opportunities for near-future searches in the Higgs decay to Z ′Z ′ when kinematically allowed.
Similar, corresponding, comments should apply to the U(1)B model after replacing L by B
and leptons by quarks. However, for the DM candidate χ in the U(1)B case, already present
direct detection constraints make the scenario quite challenging. Nevertheless observe that it is
possible for χ to be only a fraction of the total dark matter in the universe. In that case, the
direct detection bounds, as computed here for any of the models, would become less stringent.
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Appendix A. Equation for the lepton asymmetry
In this appendix we provide more details about solving the sphaleron rate equation (3.22), to
obtain the final lepton/baryon asymmetry. We first rewrite Eq. (3.22) here,
d∆nLL(z, t)
dt
= Γsph(z − vωt)
[
∆nEQLL (z − vωt)−∆nLL(z, t)
]
. (A.1)
where the sphaleron rate Γsph was given in Eq. (3.23) for the symmetric and broken phases.
Several remarks are in order here:
• We want to solve ∆nL for a generic point at a distance z from the moving bubble wall. We
assume that the bubble is formed at an initial time, that we arbitrarily fix to t = 0. The
bubble wall will pass through the point z at time t = z/vω, and turn on the Higgs VEV at
this point. We are interested in its final value, i.e. in principle at t→∞, after the bubble
wall has passed through and bubble nucleation took place.
• The electroweak sphaleron rate is strongly suppressed in the broken phase for a strong first
order phase transition, where the Higgs VEV at the tunneling (or critical) temperature is
vc & Tc. This behavior follows since e−Msph/Tc  1, and hence Γsph at the broken phase is
negligible. At point z, instead, the sphaleron process is active, and its rate is a constant,
i.e. Γsph(z − vωt) = Γ0 6= 0, for the time window 0 ≤ t ≤ z/vω.
• As calculated, and shown in the left panel of Fig. 4, the source term is peaked, and localized,
around the moving bubble wall. It is highly suppressed at large instantaneous distance from
the wall, i.e. for z greater than a few times the wall width Lω.
To solve Eq. (A.1), we first get rid of the damping term on the right-hand side with the
redefinition
A(z, t) ≡ ∆nLL(z, t)eΓ0t . (A.2)
The differential equation for A(z, t) is then
dA(z, t)
dt
= eΓ0tΓ0∆n
EQ
LL
(z − vωt) , (A.3)
As explained in the second bullet above, this equation is only valid in the time window 0 ≤ t ≤ z/vω,
as for larger values of t, Γsph ' 0. The solution for A(z, t) could be obtained by simply integrating
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the right-hand side over time, and then we could use Eq. (A.2) to compute ∆nLL(z, t). For
t = z/vω, we have
∆nLL(z, t)|t=z/vω = Γ0
∫ z/vω
0
dt′∆nEQLL (z − vωt′) eΓ0(t
′−z/vω)
=
Γ0
vω
∫ z
0
dy∆nEQLL (y) e
−Γ0y/vω ,
(A.4)
where in the second step, we have changed the integration variable from t′ to y = z − vωt′, the
coordinate in the bubble wall center of mass frame.
Based on the above discussion, after the bubble wall passes through the point z, the Higgs
VEV turns on, and the sphaleron process is highly suppressed. Consequently, the quantity ∆nLL is
conserved in the broken electroweak phase. In other words, the created baryon/lepton asymmetry
freezes in, and we can derive that at t→∞,
∆nLL(z) ≡ ∆nLL(z,∞) '
Γ0
vω
∫ z
0
dy∆nEQLL (y) e
−Γ0y/vω . (A.5)
Therefore we define the asymmetry of the final lepton density in the universe, integrating over all
points z, as
∆nLL =
∫ ∞
0
dz
d∆nLL(z)
dz
=
Γ0
vω
∫ ∞
0
dz∆nEQLL (z) e
−Γ0z/vω , (A.6)
which is the result quoted in Eq. (3.24) in the main text. Notice that we are integrating over all
points z > 0, outside the bubble, as we are assuming that in the interior of the bubble, z < 0,
Γsph ' 0.
Appendix B. The case of a non-anomalous U(1)` ⊗ SU(2)2L effective theory
Let us first consider the case where the masses of L′L and L
′′
R doublet fields are much smaller than
the critical temperature of EWPT, and they are not integrated out. The fermionic current J µ
that Z ′ couples to takes then the form
J µ =
Ng∑
i=1
L¯Liγ
µLLi + qL¯
′
Lγ
µL′L + (q +Ng)L¯
′′
Rγ
µL′′R + · · · , (B.1)
where LLi(i = 1, 2, 3) are the SM lepton doublets, and the ellipsis represents the terms involving
SU(2)L singlet fields. The current J µ is non-anomalous with respect to the SM SU(2)L, i.e.,
∂µJ µ ∝ tr(`τaτ b)W aW˜ b ∝ [Ng × 1 + q− (q +Ng)] tr(WW˜ ) = 0 , (B.2)
where W (W˜ ) is the SU(2)L field (dual field) strength, and the Pauli matrices τ
a are SU(2)L
generators.
35
Next, we assume the 〈Z ′0〉 background to be present during EWBG, still generated by the CP
violating χ-bubble-wall interaction, given by Eq. (3.19). Through the gauge interactions, the Z ′0
background serves as chemical potential for the fields charged under it, and leads to the thermal
equilibrium asymmetry in their number densities. Of particular interest to us are those for the
SU(2)L doublets,
∆nEQLL = Ng × 1 ×
2
3
T 2c g
′ 〈Z ′0〉 ,
∆nEQ
L′L
= 1 × q × 2
3
T 2c g
′ 〈Z ′0〉 ,
∆nEQ
L′′R
= 1 × (q +Ng) × 2
3
T 2c g
′ 〈Z ′0〉 .
(B.3)
In the context of EWBG, the electroweak sphaleron processes are responsible for changes in
the lepton and baryon numbers in the universe. In the presence of L′L, L
′′
R fields in the thermal
bath, they will also participate. The actual changes in the particle asymmetries are tied to each
other, and satisfy the following relations,
∂
∂t
∆nBL =
∂
∂t
∆nLL = 3
∂
∂t
∆nL′L = −3
∂
∂t
∆nL′′R , (B.4)
where BL denotes the baryon number in left-handed SM doublets. It is useful to define the
“effective total lepton asymmetry” as
∆nL,eff(z, t) ≡ ∆nLL(z, t) + ∆nL′L(z, t)−∆nL′′R(z, t) , (B.5)
so that Eq. (B.4) implies
∂
∂t
∆nBL(z, t) =
3
5
∂
∂t
∆nL,eff(z, t) . (B.6)
The Boltzmann equation for ∆nL,eff(z, t) satisfy
∂
∂t
∆nL,eff(z, t) = Γsph(z − vωt)
[
∆nEQL,eff(z − vωt)−∆nL,eff(z, t)
]
, (B.7)
∆nEQL,eff = ∆n
EQ
LL
+ ∆nEQ
L′L
−∆nEQ
L′′R
. (B.8)
Eq. (B.3) then implies that a cancellation occurs in Eq. (B.8), leading to ∆nEQL,eff = 0. In this
case, the Boltzmann equation for ∆nL,eff(z, t) has no source term, and assuming the universe
begins without any particle asymmetries, no ∆nL,eff will be generated. In turn Eq. (B.6) implies
that the baryon asymmetry cannot be generated.
One should note that such a conclusion is drawn by assuming the L′L, L
′′
R fields to be relativistic
degrees of freedom in the thermal bath during the EWPT. As pointed out in [1], the above
cancellation is closely related to Eq. (B.2), the conservation of the current J µ, with respect to
SU(2)L.
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On the other hand, if L′L, L
′′
R obtain a sufficiently large U(1)` symmetry breaking mass through
the Yukawa coupling to the Φ field as discussed in the main text, their thermal number densities
in Eq (B.3) will become Boltzmann suppressed. In this case, the above cancellation no longer
occurs, and the proposed EWBG mechanism could be successful. In the limit when L′L, L
′′
R are
very heavy and integrated out, the current that Z ′ couples to in the low energy theory becomes
Jµ =
3∑
i=1
L¯Liγ
µLLi + · · · , (B.9)
which is anomalous with respect to SU(2)L. In summary, the created baryon asymmetry should
be proportional to the non-conservation of the current Jµ [1], as previously stated.
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